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Interactions and couplings between two materials in close proximity take place at 
the interface and can dominate not only the properties of the interface itself, but of 
the entire material. This concept of bringing materials with different properties into 
contact with each other is the basis of many electronic devices.   
For example, if we consider a simple metal-semiconductor contact, two different 
cases can occur depending on the difference in work function of the metal and the 
(n-doped) semiconductor. If, on the one hand, the work function of the metal is 
smaller than that of the semiconductor, a charge is generated at the interface which 
compensates the difference between the Fermi energies. In this case, current flow 
is possible in both directions across the boundary layer and this type of device 
represents a simple ohmic contact. If, on the other hand, the work function of the 
metal is greater than that of the (n-doped) semiconductor, an energy barrier forms 
at the interface, the so-called Schottky barrier, resulting in rectifying properties with 
respect to the current flow 1. This type of contact is called Schottky diode. Although 
there is no common definition of the term ‘proximity effect’, effects such as the 
formation of a Schottky barrier can be understood as such: the proximity of two 
materials to each other leads to an interaction between them, which in turn domi-
nates the properties around the interface.   
Another mechanism that relates to the term proximity is so-called remote doping. 
Dopant impurities are introduced at specific locations in a semiconductor structure 
by selectively burying them 2. Typically, this approach is combined with the epitax-
ial growth of semiconductors, such as molecular beam epitaxy, or chemical vapor 
deposition. The proximity and resulting coupling of the carrier matrix to the dopant 
atoms allows the properties of the carrier matrix to be tuned. A prominent example 
of this is the burial of Si in GaAs 2.  
A third area in which the term proximity effect is used is the field of superconduc-
tivity. As early as 1932, R. Holm and W. Meissner observed supercurrents in su-
perconductor - normal conductor - superconductor heterostructures 3. Contact of a 
superconductor to a normal conductor can lead to a lowering of the critical temper-




on mesoscopic length scales in the normal conductor 4. In this case, the critical 
temperature of the heterostructure is dominated by the thickness of the supercon-
ducting layer 4.  
Two findings can be deduced from these three examples. Firstly, if we bring two 
materials in proximity, interaction can occur between the materials at their interface. 
Secondly, the properties of the interface can be manifold and depend on the prop-
erties of the materials involved. If now one of these materials in close proximity to 
each other is replaced by a 2D material, this 2D material is essentially an interface 
to the 3D system. In this sense, proximity effects significantly determine the prop-
erties of the whole 2D material.  
A well-known example of this is the strong n-type doping of graphene on silicon 
carbide (SiC), which originates from the spontaneous polarization of SiC mediated 
via donor-like states in the so-called buffer layer, a carbon-rich interlayer between 
graphene and SiC 5. However, this example already raises questions as to what 
exactly is meant by the term ‘proximity effect’ in the context of graphene, since a 
total of three different areas are involved in the example, i.e. the SiC substrate, the 
buffer layer and the graphene sheet itself. In the context of this work, we use this 
term to refer to changes in the properties of graphene compared to an isolated, 
perfect graphene layer, which have their origin in the spatial proximity of the gra-
phene to other materials. Thus, in the case of the doping, this includes both the 
buffer layer and the SiC. 
Proximity effects in graphene on SiC have often been considered troublesome in 
the past. For example, it was initially believed that the pseudo-relativistic behavior 
of a graphene monolayer resulting from its linear dispersion could not be observed 
in epitaxial graphene on SiC due to its strong coupling to the substrate 6. However, 
this controversy was settled when the ‘half-integer quantum Hall effect’, which is 
evidence of pseudo-relativistic behavior, was experimentally observed in graphene 
on SiC 7–9. Nevertheless, in graphene on SiC a strong influence of the substrate is 
noticeable, which is not only evident in the already mentioned n-type doping, but 
also in the limited mobility of the charge carriers 9. Therefore, different strategies 
were pursued to reduce this coupling. Besides improving the growth processes 
10,11, significant progress has been made by exploring different substrates such as 
boron nitride 12. Furthermore, there is also a way to reduce the graphene-substrate 
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interaction in epitaxial graphene on SiC: partially etching the substrate away yields 
so-called suspended graphene 13.  
Another idea to reduce the interaction of the graphene with the SiC substrate was 
to intercalate an element between both materials 14,15. Although this approach can 
drastically reduce the temperature dependence of the sheet resistance and in-
crease the carrier mobility 16 (which is why it is referred to as quasi-free-standing 
graphene), the intercalation results in its own graphene-substrate interactions. For 
hydrogen intercalated graphene, e.g., a p-type doping is observed.  
Intercalation could be achieved for a variety of different elements, such as Cu 17, 
Au 18, Ge 19, F 20, Pb 21 or Pd 22. It turns out that the properties of the graphene are 
strongly dependent on the atomic species that is intercalated, which can also be 
understood as a manifestation of proximity coupling. Approaches to exploit the 
proximity of graphene to certain materials in order to specifically tune graphene’s 
properties start to emerge 13,23–27. One idea is to tune graphene’s charge carrier 
density by bringing it in close proximity to metals. It was shown theoretically that 
contact with metals results in a species- and separation-dependent doping of the 
graphene 28,29. Furthermore, if superconducting materials are brought into contact 
with graphene, proximity superconductivity can be observed 30. Contact with tran-
sition metal dichalcogenides leads to a significant increase in the spin-orbit cou-
pling in the graphene 23,24.  
However, to turn these approaches into truly beneficial tools to engineer epitaxial 
graphene’s properties, it is first necessary to investigate proximity effects in pristine 
graphene on SiC and to understand the coupling mechanisms behind them. A di-
rect influence of the proximity to the substrate is seen in the charge transport prop-
erties of epitaxial graphene, as characteristic quantities such as the charge carrier 
density and the charge carrier mobility are significantly affected 31. In this thesis, a 
comprehensive approach based on linking local structural, electronic as well as 
transport properties is used to investigate proximity effects of the SiC substrate on 
epitaxial graphene. This allows to identify local variations in the coupling and to 








Section 1 | An introduction to the fundamental properties of graphene covering the 
crystal and the electronic structure is presented. Furthermore, characteristics of 
epitaxial graphene on SiC are reviewed and concepts of electronic transport, in 
particular in two dimensions, are introduced.  
Section 2 | This section serves to present the different experimental methods that 
have been used for structural, electronic and transport characterization of gra-
phene on SiC. In particular, the scanning probe methods of scanning tunneling 
microscopy and atomic force microscopy are introduced.  
Section 3 | Starting from a mesoscopic point of view, the resistance anisotropy of 
high-quality graphene on SiC is determined. By adding local scale information 
based on scanning tunneling potentiometry on the sheet resistance as well as the 
resistance of SiC substrate steps, the remaining anisotropy is explained. This pro-
ject has been carried out in cooperation with partners from PTB Braunschweig (di-
vision head PD Dr. Hans Werner Schumacher) as well as partners from TU Chem-
nitz (group of Prof. Dr. Christoph Tegenkamp). The results have been published in 
Ref. 32.   
Section 4 | The impact of the SiC substrate on the local sheet resistance is in the 
focus of this section. By applying scanning tunneling potentiometry to high-quality 
graphene, the local charge transport properties are linked to the properties of the 
substrate. Thereby, systematic variations in the sheet resistance are revealed, 
which are correlated with the stacking of the SiC substrate as well as with the dis-
tance of the graphene to the substrate. This project has been carried out in coop-
eration with partners from PTB Braunschweig (division head PD Dr. Hans Werner 
Schumacher) as well as partners from TU Chemnitz (group of Prof. Dr. Christoph 
Tegenkamp and group of Prof. Dr. Thomas Seyller). The results have been pub-
lished in Ref. 33.   
Section 5 | This section puts emphasis on literature results devoted to surface po-
tential variations by discussing them against the results of this thesis. To this end, 
surface potential measurements based on Kelvin probe force microscopy and cal-
culations of low-energy electron microscopy spectra are presented.  
Section 6 | The impact of substrate steps, an unavoidable defect even in high-
quality graphene on SiC samples, on the charge transport is studied. In particular, 
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it is revealed that the resistance associated with SiC substrate steps shows strong 
intrinsic variations, which are traced back to the local electronic properties.  This 
project has been carried out in cooperation with partners from PTB Braunschweig 
(division head PD Dr. Hans Werner Schumacher). The results have been pub-
lished in Ref. 34.  
Section 7 | A summary of the experimental results in a broader context is presented 
along with an outlook for future research questions. 
General remarks | Where applicable, the results have been edited from their ap-
pearance in the respective journals to ensure readability. This editing includes, 
e.g., the font style and the layout of the citations. However, the content of figures 
and text remains unchanged. An author contributions statement is included for 
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1 Theoretical Background 
This section reviews the theoretical properties of graphene necessary to under-
stand the physical processes discussed in this thesis. We start with an introduction 
to the crystal and electronic structure of single layer graphene in section 1.1.1. 
More detailed information on the fundamental properties of graphene can be found 
in 35,36.  
Next, the consequences of the proximity of a graphene layer to a real substrate 
are discussed for different substrates in section 1.2, before the case of graphene 
on SiC is elaborated (section 1.3), which is the focus of this work. Here we discuss 
the properties of the SiC such as the stacking sequence and the resulting proper-
ties of the graphene. Furthermore, the so-called buffer layer (section 1.3.1) as well 
as the concept of polarization doping and the intrinsic n-type doping of graphene 
on SiC are discussed (section 1.3.2). Subsequently, in section 1.4 the sample 
growth is explained.  
This section concludes with a description of charge transport (section 1.5). Starting 
with the Drude model and Sommerfeld’s extension, this section covers diffuse scat-
tering in the context of the sheet resistance (section 1.5.2) as well as scattering at 
localized defects (section 1.5.3). In addition, the peculiarities of the description of 
charge transport in 2D are discussed in section 1.5.1. This section concludes with 
the description of simulations based on finite elements, which are used to calculate 
the current density (section 1.5.4).    
 Graphene 
For almost two decades, graphene has been one of the most comprehensively 
studied materials due to its extraordinary properties. It provides a truly two-dimen-
sional carbon allotrope and thereby complements the three-dimensional diamond 
and graphite, as well as the one-dimensional carbon nanotubes and the zero-di-
mensional fullerens. The first experimental realization was achieved by K. S. No-
voselov and A. K. Geim in 2004 37 and subsequently, they provided the first elec-
tronic characterization of this fascinating material 37. Their experiments triggered 
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the emergence of a wide field of graphene research, as well as the study on related 
two-dimensional materials such as boron nitride (BN) 38.  
 Crystal and Electronic Structure of Monolayer Graphene 
Graphene is a monoatomic layer of carbon atoms arranged in a periodic honey-
comb lattice. This crystal structure is dominated by two different types of bondings 
within the sp2 hybridization. Three of the four valence orbitals 2s-, 2px- and 2py- 
orbitals form σ bonds within the layer. The remaining pz- orbitals, with z being the 
direction normal to the graphene sheet, form π orbitals. These π orbitals crucially 
determine the electronic properties of the graphene. The carbon atoms in the gra-
phene layer are localized at the vertices of a honeycomb lattice, which can be de-
scribed as a hexagonal bravais lattice with two basis vectors a1⃗⃗  ⃗ and a2⃗⃗⃗⃗ :  
a1⃗⃗  ⃗ = a (√32 , 12),    a2⃗⃗⃗⃗ = a (√32 ,− 12) (1. 1) 
with a = √3 acc and acc = 1.42 Å being the distance between two neighboring car-
bon atoms. The lattice consists of a basis of two atoms A and B.  In Figure 1.1 the 
atoms A and B are depicted as blue and grey dots, respectively. Every atom is 
Figure 1.1 Graphene Bravais lattice In (a) the honeycomb lattice of graphene is 
shown, which can be described using a two atomic basis of A and B and two basis 
vectors a1⃗⃗  ⃗  and a2⃗⃗⃗⃗ . In (b) the corresponding reciprocal lattice is depicted, which 
itself is a hexagonal bravais lattice with basis vectors b1⃗⃗⃗⃗   and b2⃗⃗⃗⃗ .  K− and K+ are 
high symmetry points, grey shaded area indicates the Brillouin zone. Graphic 
adapted from Foa Torres, Roche & Charlier, Introduction to Graphene-Based 
Nanomaterials 35. Copyright (2014) by Foa Torres, Roche & Charlier, reproduced 
with permission of Cambridge University Press through PLSclear. 
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surrounded by three atoms of the other sublattice. The reciprocal lattice vectors  b1⃗⃗⃗⃗  
and b2⃗⃗⃗⃗  read 
b1⃗⃗⃗⃗ = b (12 , √32 ),    b2⃗⃗⃗⃗ = b (12 ,−√32 ) (1. 2) 
with b = 4 π√3a . The reciprocal honeycomb lattice of graphene is shown in Figure 
1.1b.  Typically, the corner points of the Brillouin zone are denoted by K− and K+, 
and can be chosen as follows  
K−⃗⃗ ⃗⃗  ⃗ = 4𝜋3𝑎  (√32 ,−12),    K+⃗⃗ ⃗⃗  ⃗ = 4π3a  (√32 , 12) . (1. 3) 
The electronic properties of graphene can be derived using the tight-binding-
model, which was done for the first time by Wallace in 1947 39. The resulting energy 
dispersion reads 35 
E±(k⃗ ) = ±γ0|α(k⃗ )| = ±γ0√3 + 2 cos(k⃗ a1⃗⃗  ⃗) + 2 cos(k⃗ a2⃗⃗⃗⃗ ) + 2 cos (k⃗ (a1⃗⃗  ⃗ − a2⃗⃗⃗⃗ )).     (1. 4) 
The wave vector k⃗  is chosen within the first Brillouin zone. For graphene, there are 
zeros of α(k⃗ ) indicating a crossing of the two energy bands (equation 1.4). The 
crossing occurs at K− and K+ (Figure 1.2). By expanding the energy dispersion 
around K− and K+, a linear dispersion relation (for small energies) is found for the 
corner points of the first Brillouin zone  E±(δk⃗ ) = ±ℏvF|δk⃗ | (1. 5) 
where vF = √3γ0a2ℏ  is the group velocity. Here, the plus sign and the minus sign refer 
to electron states and hole states, respectively. The electronic properties at these 
crossing points are similar to those of massless Dirac fermions yielding the Dirac 
cones depicted in Figure 1.2. Following this line, K− and K+ are called Dirac points 
and charge carriers in graphene are treated as pseudo-relativistic particles with a 
group velocity of 8.4 ∙ 105  ms  35, which can be described by the Weyl-Dirac-equation 
(instead of the Schrödinger-equation). The linear dispersion is one of the most out-
standing characteristics of monolayer graphene. The regions around the Dirac 
points are also referred to as valleys 16.  
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The corner points of the Brillouin zone and the corresponding sublattices are elec-
tronically not equivalent. As a consequence, the total wave function of an electron 
can be written as a two-component vector, which is composed of the respective 
parts of the Bloch wave functions of the two sublattices. The relative amplitude of 
these two wave functions is called pseudo-spin and represents an additional de-
gree of freedom of the system.   
As K− and K+ are separated in k-space, only sharp, atomic-scale potentials can 
scatter charge carriers from one sublattice to the other, which is referred to as 
intervalley scattering. Examples for such sharp atomic-scale potentials are step 
edges or point defects in the graphene lattice, such as vacancies. If electrons are 
scattered within a Dirac cone or between two cones of the same sublattice this 
scattering processes is referred to as intravalley scattering 35. 
 Graphene on Substrates 
In the previous theoretical considerations of graphene, the fact that the graphene 
layer is in most cases in direct proximity to a substrate has so far been neglected. 
Figure 1.2 Graphene valence and conduction band. Schematic illustration in recip-
rocal space. Close to the K− and K+ the linear dispersion relation leads to 'Dirac 
cones' depicted in the close-up. Graphic adapted from Foa Torres, Roche & 
Charlier, Introduction to Graphene-Based Nanomaterials 35. Copyright (2014) by 
Foa Torres, Roche & Charlier, reproduced with permission of Cambridge Univer-
sity Press through PLSclear. 
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However, since this is the central aspect of this thesis, this section briefly reviews 
the most commonly used substrates. A detailed discussion of the properties and 
impact of the substrate in graphene on SiC, the material of choice in this thesis, is 
given in section 1.3.  
The very first graphene flakes were exfoliated using the scotch tape method on 
graphite until only one layer of graphene was left 37. In this approach, adhesive 
tape is pressed onto an HOPG crystal and, when peeling it off, graphite layers stick 
to the scotch tape. These graphite layers are further exfoliated and finally trans-
ferred to a substrate. This process yields graphene flakes with a varying number 
of layers that are randomly distributed on the chosen substrate. Suitable substrates 
are SiO2 or hexagonal BN. Although both substrates are suitable for an electronic 
characterization of graphene due to their insulating nature, there is still a non-neg-
ligible interaction of the graphene with the substrate. In the case of SiO2, e.g., the 
carrier mobility is limited by scattering from charged impurities and optical phonons 
of the substrate 12. Moreover, graphene on SiO2 exhibits a non-negligible doping. 
Although this doping can be tuned routinely to the charge neutrality point by using 
a gate, in the vicinity of the Dirac point, the 2D electron gas, by which the graphene 
can be well described in this case, breaks up into so-called electron hole puddles 
12. The use of hexagonal BN allows to reduce some of these substrate induced 
effects, such as the intrinsic doping, however, the fundamental interactions are 
similar to those on SiO2. In addition, it should be noted that the growth of high-
quality 2D hBN is still a major challenge 38 . 
The second graphene production method is called chemical vapor deposition 
(CVD), where carbon-rich gases are deposited onto a substrate. This method relies 
on epitaxy to the chosen substrate. Carbon-rich gases like methane are used as 
precursors, and the growth was demonstrated for a wider range of metal sub-
strates, such as ruthenium 40, iridium 41, and copper 42. Graphene on metal sub-
strate shows a strong hybridization between the electronic states of the graphene 
and the metal 43. In line with this, theoretical studies investigate the charge transfer 
from different metals to graphene as a function of the proximity between the two 
systems 28,29 and find a distance-dependent doping (Figure 1.3). Structurally, a 
pronounced Moiré type superstructure is observed in scanning tunneling micros-
copy (STM) experiments 43. Moreover, graphene on metallic substrates is typically 
characterized by the presence of line defects in the form of winkles and strain due 
to a mismatch of the lattice constants 44.  
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For some years now, it has also been possible to produce graphene by CVD on 
non-metallic substrates such as germanium 45 (see Figure 1.4). This type of sample 
system has also been studied in this work and the results have been published in 
two papers Ref. 46 and Ref. 47. Graphene on germanium is characterized by sub-
strate induced grain boundaries and crystalline imperfections, which limit the car-
rier mobility. Nevertheless, mobility values comparable to graphene on SiC in the 
range of 1 × 104 cm2 Vs⁄  were obtained 47.  
Figure 1.4 AFM topography of pristine Gr/Ge/Si(001). Structurally, graphene on 
Ge is dominated by facets oriented at 90° to each other. The height of these facets 
was determined to be about 4 nm. Graphic adapted from Sinterhauf et al. 46 li-
censed under CC BY 4.0. 
Figure 1.3:  Graphene in proximity to a metal shows a distance dependent shift in 
the Fermi level. Reprinted figure with permission from Giovannetti et al. Doping 
graphene with metal contacts. Phys. Rev. Lett. 101, 026803 (2008) 28. Copyright 
(2008) by the American Physical Society. 
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 Epitaxial Graphene on SiC  
Graphene can routinely be grown from silicon carbide (SiC) substrates by thermal 
decomposition. Crystalline SiC is a semiconductor with a wide bandgap that exists 
in more than 150 crystalline forms, also called polytypes 36, with cubic, hexagonal 
or rhombohedral Bravais lattice. The following remarks refer to hexagonal SiC, 
which was used as substrate in the present thesis. 
The different hexagonal SiC polytypes consist of fundamental layers of silicon and 
carbon atoms arranged in tetrahedral coordination 48–50. These layers are referred 
to as fundamental bilayers. The individual polytypes differ in the arrangement and 
number of fundamental bilayers within a unit cell. The most commonly used poly-
types for epitaxial graphene growth are hexagonal 6H (band gap: 3.05 eV) and 
hexagonal 4H (band gap: 3.23 eV) 36. The 4H-SiC and 6H-SiH crystal consists of 
4 and 6 stacked fundamental bilayers, respectively. In this thesis, semi-insulating 
4H and 6H-SiC polytypes are used as substrate material and all experimental re-
sults in sections 3, 4, 5 and 6 are obtained on epitaxial graphene on these SiC 
polytypes. The stacking sequence of the 6H-SiC is illustrated in Figure 1.5. Due to 
the composition of the 6H-SiC there are, in principle, 6 different surface termina-
tions. These are named S1, S2, S3, S1*, S2* and S3* according to 51.  
When graphene is grown on SiC, the SiC substrate is heated so that the silicon 
atoms sublime. An important property of the SiC in this context is that the surface 
terminations have different decomposition velocities 52, which is schematically in-
dicated in Figure 1.5. These decomposition velocities are the origin of step bunch-
ing. In this process, step edges move (e.g. due to thermal activation) and two or 
more steps can be merged and thereby form higher steps 53.  
There is disagreement about the quantitative velocities (compare 52 and 53). A de-
tailed discussion on the step retraction during the graphene growth can be found 
in 54. For this thesis, it is important to note that the terminations S1 and S1* have a 
much higher decomposition velocity than the other surfaces and, thus, disappear 
first during the graphene growth process 52,53. Combining this knowledge with high-
quality samples with defined step sequences, it is possible to assign the graphene 
terraces to the local termination of the substrate. This possibility is exploited in 
section 4.2 revealing a dependence of the local sheet resistance on the termination 
of the SiC substrate, which we attributed to proximity coupling of the graphene to 
the SiC substrate.  
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In the following, two other important characteristics of graphene on SiC will be dis-
cussed. Firstly, the presence of a carbon-rich intermediate layer between the SiC 
and the graphene layer, the so-called buffer layer and, secondly, the fact that SiC 
has a spontaneous polarization. This spontaneous polarization is the origin of the 
strong n-type doping of graphene on SiC as will be discussed in section 1.3.2. 
 Properties of the Buffer Layer 
The buffer layer is a carbon-rich layer that resides on the SiC substrate as shown 
in Figure 1.6a. The crystallographic structure of the buffer layer is similar to that of 
graphene 36, however, one-third of the carbon atoms in the buffer layer is bonded 
to Si in the SiC below 55 resulting in a very large unit cell that complicates an exact 
determination of the structure of the buffer layer 36. Nevertheless, the buffer layer 
can be reversibly transformed to a graphene layer. This was demonstrated by in-
tercalating hydrogen between the SiC substrate and the buffer layer 15. 
At elevated temperature (T>300°C), hydrogen gas dissociates and intercalates be-
tween buffer layer and the SiC surface. The hydrogen atoms form Si-H bonds at 
the SiC surface 56 and, thereby, break the Si-C bonds of the buffer layer and, ad-
ditionally, the hydrogen saturates dangling bonds 14,15. This breaking of the Si-C 
bonds leads to a reconstruction of the buffer layer to a graphene layer. In this way, 
monolayer graphene on SiC is converted into quasi-free-standing bilayer graphene 
(QFBLG) [96] as shown in Figure 1.6b. In the same way, a buffer layer epitaxially 
grown on SiC is converted into quasi-free-standing monolayer graphene (QFMLG) 
Figure 1.5 Schematic side view of the crystal structure of 6H-SiC and the decom-
position velocities according to 52. Graphic taken from Sinterhauf et al. 33 licensed 
under CC BY 4.0.  
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demonstrating the crystallographic similarities between the buffer layer and a gra-
phene layer. It was demonstrated that quasi-free-standing graphene exhibits an 
enhanced macroscopic room-temperature mobility with a reduced temperature de-
pendence 16. The graphene is weakly bound to the hydrogen-terminated SiC sur-
face, which is why intercalated samples are usually referred to as quasi-free-stand-
ing.  
The buffer layer is characterized by a 6√3 ×  6√3 𝑅30 reconstruction 57. Although 
typically covered with at least one graphene layer, it is possible to (partially) image 
the buffer layer using STM. At sufficiently high tunneling voltages, a significant 
contribution to the tunneling current originates from states in the buffer layer 58. In 
Figure 1.7 15 nm ×  15 nm constant current topography (VBias = −0.3 V, IT =0.15 nA ) showing the graphene lattice, the 6 ×  6 reconstruction as well as defect 
states associated with the buffer layer.  
Figure 1.6 Schematics of (a) monolayer graphene on SiC residing on a buffer layer  
and (b) quasi-free-standing bilayer graphene (QFBLG) on hydrogen saturated SiC. 
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this way, not only a 6 ×  6 reconstruction 59, but also the 6√3 ×  6√3 𝑅30 structure 
consistent with low-energy electron diffraction (LEED) measurements was mapped 
57. The origin of the appearance of the 6 ×  6 reconstruction is attributed to the non-
bonded carbon atoms forming a superhexagonal network detectable in STM 60. 
This is in agreement with photoelectron spectroscopy, which shows interface 
states for the buffer layer 31. These interface states are mainly attributed to silicon 
or carbon dangling bonds 55. In addition, defect states, are present at the interface 
as observed by STM 58, see Figure 1.7. 
 Polarization of the SiC and Graphene’s Doping 
One of the fundamental properties of hexagonal SiC is the fact that these polytypes 
carry a spontaneous polarization 31, including the 6H-SiC mainly used in this work. 
For the 6H-SiC, this spontaneous polarization originates from a broken bulk sym-
metry in the [0001]-direction resulting in a charge transfer 49 (see Figure 1.8) .  
Although this spontaneous polarization is fundamentally a bulk effect, it becomes 
important at interfaces. A polarization charge with the same magnitude but oppo-
site sign is formed on the two surfaces of the SiCi. For the case of graphene on 
                                               
i if the SiC is placed between two non-pyroelectric layers. A simple example of this is vacuum. 
Figure 1.8 Charge transfer in the 4H and the 6H-SiC polytype. Reprinted figure 
with permission from Park, Cheong, Lee & Chang. Structural and electronic 
properties of cubic, 2H, 4H, and 6H SiC. Phys. Rev. B 49(7), 4485–4493 (1994) 
49. Copyright (1994) by the American Physical Society. 
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SiC, this can be understood as a layer of charged dopants on the surface of the 
SiC, as shown schematically in Figure 1.9, which causes donor-like states to form 
in the buffer layer. These donor-like states overcompensate for the polarization of 
the SiC substrate and provide a strong n-type doping with a Fermi level position of 
about 0.45eV above the Dirac energy and a charge carrier concentration of roughly  1 × 1013 cm−2 31 in the graphene as shown schematically in Figure 1.9a.   
In contrast to this, hydrogen intercalated graphene on SiC shows a p-type conduc-
tivity 5. Due to the absence of a buffer layer, a p-type doping is formed in the gra-
phene layer to compensate for the spontaneous polarization of the SiC (see Figure 
1.9b). This mechanism is usually referred to as polarization doping 31. Moreover, 
the strength of this p-type doping was shown to depend on the polytype of the SiC 
substrate 5, which can be understood recalling Figure 1.8 showing the charge 
transfer in the SiC for the 4H and the 6H polytype. For QFBLG on 4H-SiC a 1.5 
times larger doping was measured than for 6H-SiC as a substrate 5.  
Although the term polarization doping was originally introduced for the H-interca-
lated case 31, this term is also common in the context of n-type doping, because 
Figure 1.9 Schematics of the origin of the (a) strong n-type doping in epitaxial gra-
phene on SiC and the (b) p-type doping in H-intercalated graphene on SiC. The 
main cause is the spontaneous polarization of the SiC substrate, which leads to a 
pseudo-charge at its surface. Reprinted figure with permission from Ristein, 
Mammadov & Seyller. Origin of doping in quasi-free-standing graphene on silicon 
carbide. Phys. Rev. Lett. 108, 246104 (2012) 31. Copyright (2012) by the American 
Physical Society. 
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also here the origin of the doping is the spontaneous polarization of the substrate. 
Therefore, we will use the term polarization doping also in the context of epitaxial 
graphene and its n-type doping.  
In summary, the doping of both epitaxial graphene on SiC and H-intercalated gra-
phene is caused by the proximity of the graphene to the substrate and can be 
considered as the dominant proximity effect in graphene on SiC.  
A recent study based on Kelvin probe force microscopy (KPFM) under ambient 
conditions and low-energy electron microscopy (LEEM) IV spectroscopy in vacuum 
on epitaxial graphene on SiC reports on differences in the strength of the polariza-
tion doping depending on the surface termination of the SiC 54. This topic will be 
addressed in detail in section 5.  
 Graphene Growth on SiC 
The graphene production method used to fabricate graphene on SiC is thermal 
decomposition of SiC and, actually, this method has already been used long before 
the first experimental realization of graphene in 2004 37. Thermal sublimation of 
SiC and the subsequent graphitization of the surface has first been demonstrated 
by van Bommel et al. already in 1975 61. The first preparation of graphene on the 
C-terminated face of SiC has been achieved in the group of Walt de Heer 62 and 
on the Si-terminated face in the group of Thomas Seyller 63. When graphene is 
grown epitaxially on SiC, the SiC substrate is heated such that the silicon atoms 
sublime and the remaining carbon atoms rearrange and form the buffer layer (see 
section 1.3.1 for details on the buffer layer). Upon further heating, the growth of a 
second layer starts below the former buffer layer and transforms it into a graphene 
monolayer. The number of layers as well as the quality of the graphene sheet cru-
cially depend on the growth parameters such as growth temperature, time, and 
pressure. 
Originally, graphene growth on insulating SiC surfaces was carried out by high 
temperature annealing in vacuum 36,62. However, vacuum deposition of SiC was 
demonstrated to yield inhomogeneous, defectuous graphene layers with small 
grain sizes 64, which is mainly due to step bunching during the high temperature 
annealing 10. Furthermore, the decomposition of SiC is not a self-limiting process 
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and the growth in UHV allows only little control over the layer thickness. Conse-
quently, regions of different graphene layer thickness coexist on a typical UHV-
grown graphene sample 10. Major improvement of the sample quality by refined 
growth procedures could be achieved in 2009 with the introduction of ex-situ graph-
itization of Si-terminated SiC in argon atmosphere 10. This method yields mono-
layer graphene films with a significantly larger domain sizes compared to graphene 
grown in UHV. However, even with this refined growth process bilayer stripes start 
to grow at step edges due to the availability of more carbon.  
In 2016, this problem of bilayer formation at step edges was solved by Kruskopf 
and co-workers 11 who introduced a new fabrication method for epitaxial graphene, 
which relies on the deposition of a polymer onto the SiC surface prior to the growth 
process. This procedure is called polymer-assisted sublimation growth (PASG). 
The polymer acts as an additional carbon source that enhances the graphene nu-
cleation 11 and, thus, suppresses the formation of bilayer regions, as well as the 
formation of high substrate steps. This method allows to obtain high-quality mono-
layer graphene on large scales 11,32,65.  
The most important property of PASG graphene in the context of this thesis is the 
absence of bilayer graphene. This results in a homogeneous current density (see 
section 1.5.4), which in turn is a basic prerequisite for carrying out quantitative local 
transport measurements. Using a semi-insulating substrate, which is compatible 
with this growth method, allows to conduct transport experiments at low tempera-
tures as well as at room temperature. This enables temperature-dependent meas-
urements and, thus, allows to unravel different scattering processes. In this thesis, 
graphene on 4H-SiC and 6H-SiC prepared at PTB Braunschweig is studied in great 
detail regarding its charge transport properties from a mesoscopic to a microscopic 
scale in section 3, as well as on a truly atomic scale in sections 4 and 6.  
 Electronic Transport 
In this section, an introduction to the theoretical description of charge transport is 
given. The starting point is the Drude model for electron transport and the exten-
sions by Sommerfeld. Subsequently, a description of electronic transport in two 
dimensional materials is presented in section 1.5.1. Furthermore, the mechanisms 
behind the experimentally observed resistance of SiC substrate steps (section 6.2) 
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are reviewed and finite element simulations are presented, which allow to quantify 
the impact of bilayer patches on the homogeneity of the current density.  
The Drude model is a semiclassical description of charge transport in a solid state 
body caused by an external electric field. In this diffusive model, the current density 
is given by 
j = −env⃗ D = ne2τm E = σ ∙ E        and        σ = ne2τm (1. 6) 
with the momentum relaxation time τ  and the charge carrier density n. Although 
this model is rather simple, it allows to draw an important conclusion: defects cause 
an increase in resistance and a decrease in conductivity because of the decrease 
in momentum relaxation time.  
The limitations of this simple model become apparent when considering, e.g., the 
Pauli principle. In the Drude model all electrons contribute to the electric current, 
which is in conflict with the Pauli principle. Furthermore, it neglects the fact that 
electrons do not scatter at positively charged lattice atoms. In 1933 the Drude 
model was extended by Sommerfeld 66, who combined it with quantum-mechanical 
Fermi-Dirac statistics obeying the Pauli principle. This extension is known as the 
Drude-Sommerfeld model. 
By applying an external cross voltage to the sample, the electrochemical potential 
is driven to a non-equilibrium state (see section 1.5.3 for details on the electro-
chemical potential). Within the Drude-Sommerfeld model, an electric field causes 
Figure 1.10 Distorted Fermi-surface. Fermi-surface with and without applied elec-
tric field in (a) and (b), respectively. The electric field shifts the electron distribution 
by δkx. Graphic inspired by 67. 
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a shift of the Fermi surface in k-space along the direction of the electric field 67 as 
shown in Figure 1.10. Only very few electrons change from a 𝐤− state to a 𝐤+ state, 
thereby causing a displacement of the Fermi surface by δkx. The Fermi distribu-
tions of the 𝐤− and 𝐤+ states are different, hence their distribution functions are 
described by two different distribution functions f(𝐤+ ) and f(𝐤− ).  
 Electronic Transport in 2D 
In the following, well-known quantities that characterize charge transport in three-
dimensions are defined for the two-dimensional case, which is particularly im-
portant for the discussion of charge transport in our sample system graphene. This 
section follows the discussion in Ref.  68.   
The starting point for our discussion is a 2D conductor with width W, length L and 
two metallic leads as schematically shown in Figure 1.11. For this system, the 
macroscopic sheet resistance is defined by ρmacro = R ∙ WL , where R denotes the 
macroscopic resistance of a sample. The resistance can be expressed according 
to Ohm's law R = VI , with I being the total electric current and V the voltage differ-
ence, which is measured between the two leads. For a homogeneous diffusive 
conductor (without localized defects), a homogeneous electric field across the con-
ductor is expected. However, this situation does not resemble the reality in most 
experiments. In the case of epitaxial graphene, local inhomogeneities in the sheet 
resistance arise by e.g. different number of graphene layers or due to the presence 
Figure 1.11 Schematics of a 2D conductor with length L, width W, metallic leads 
and local defects. The conductor is assumed to be a macroscopic system. Conse-
quently, its dimensions are larger than all other length scales relevant for transport, 
e.g. the phase coherence length or the Fermi wavelength. 
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of SiC substrate steps as indicated in Figure 1.11. In the framework of the Lan-
dauer formalism these localized defects exhibit a finite transmission probability for 
charge carriers, which invalidates the assumption of an overall homogeneous elec-
tric field. Nevertheless, it is possible to find a region of length δL without localized 
defects. A homogeneous electric field is present over this length, hence, it is useful 
to define a local sheet resistance as follows 
ρlocal = δVI ∙ WδL = Elocalj . (1. 7) 
For a simple sample geometry as shown in Figure 1.11 the macroscopic current 
density j = IW is a good approximation for the local current density, thereby assum-
ing  translational invariance in y-direction. Although we will stick with the assump-
tion of a homogeneous current density for now, this does not capture the experi-
mental situation accurately in many cases as will be discussed in section 1.5.3 and 
section 4.2.  
With the definition of the local sheet resistance, areas without localized defects can 
be described in an appropriate manner. In contrast to this, one-dimensional de-
fects, such as substrate steps, cause a localized voltage drop ΔV. The basic mech-
anism behind this is discussed in section 1.5.3. Based on this localized voltage 
drop ΔV, a defect resistance is defined  
ρdefect = ΔVj . (1. 8) 
Introducing the transmission T, the conductivity σdefect can then be written as 68 
σdefect = 2e2h ∙ kFπ ∙ T = 1ρdefect . (1. 9) 
These elaborations demonstrate that the macroscopic sheet resistanceii for a real 
sample is composed of several local components as follows ρmacro = ∑xii ∙ ρlocali + ∑nii ∙ ρdefect (1. 10) 
                                               
ii In the framework of this description, ρmacro contains contributions from localized defects as well 
as local sheet resistances and, therefore, it could be argued that it is no longer a sheet resistance. 
Since it reflects the experimental situation in (most) large scale transport experiments, this nomen-
clature is still common.  
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with xi = δLi L  and δLi the length over which the local sheet resistance does not vary.  ni represents the defect concentration, which can be written as ni = Ni L  with the to-
tal number of defects of each type N. This issue is addressed experimentally in 
3.2, where we use local measurements of sheet resistance and step resistance to 
understand the remaining anisotropy of high-quality pure monolayer epitaxial gra-
phene. 
 Inelastic Scattering in Graphene 
Inelastic scattering processes such as electron-electron scattering and electron-
phonon scattering are the main contributions to the sheet resistance. They are 
characterized by a loss of phase information. The phase coherence length is typi-
cally in the range of a few 100 nm for epitaxial graphene on SiC 69. In this section, 
we summarize electron-electron and electron-phonon scattering in graphene with 
emphasis on the case of graphene on SiC. 
Electron-Electron Scattering | The process of electron-electron scattering in gra-
phene becomes dominant at high temperatures accompanied by low doping 70. 
However, as discussed in section 1.3.2, graphene on SiC always exhibits strong 
n-type doping, resulting in electron-electron scattering often being negligible. Ex-
perimental detection of electron-electron scattering is, therefore, rare in this system 
and often requires certain geometries as in the case of the fractional quantum Hall 
effect 71, or becomes relevant only under certain experimental conditions as in the 
case of weak (anti) localization, which can be observed in the context of magnetic 
fields 72. In contrast to conventional two dimensional electron systems 73, in gra-
phene electrons end up in opposite phase when moving clockwise or anticlockwise 
around a closed loop, which is a consequence of the unique band structure of gra-
phene and the Berry phase of π of the wave function 74. This opposite phase leads 
to destructive interference and a suppression of backscattering, which is known as 
weak antilocalization.  
Electron-Phonon Scattering | There are two possible origins for electron-phonon 
scattering in graphene on SiC, firstly, intrinsic phonon modes, i.e. acoustic and 
optical phonon modes of the graphene itself, and, secondly, remote interfacial pho-
nons of the substrate and the buffer layer. As intrinsic optical phonon modes do 
not couple strongly to the electrons due to their out-of-plane nature 75, electron-
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phonon scattering is governed by the contribution from remote interfacial phonons 
16,76,77. This scattering mechanism 78 is not only relevant for electron-phonon scat-
tering in graphene on SiC, but is also observed, e.g., in carbon nanotubes on SiO2 
79. Furthermore, we discussed this scattering process in Ref. 80 for graphene on 
SiO2. 
If only a single phonon mode is considered, the temperature dependence of the 
resistance due to remote-phonon scattering can be described by 16 
ρ = ρ0 + χ(eEphkBT − 1)−1 (1. 11) 
where χ is the coupling strength of the phonon mode to charge carriers in the gra-
phene and Eph is the energy of the considered phonon mode. ρ0 decribes the re-
sidual resistance at T = 0 K.  
An experimental example of remote-phonon scattering for graphene on SiC is 
shown in Figure 1.12. Jobst el al. find a residual resistance ρ0 of about 400 Ω and ρ(T = 300 K) − ρ0 ≈ 500 Ω 9. These numbers are questioned in section 4.2. 
 Finite Transmission in Graphene at SiC Substrate Steps 
Besides diffusive scattering processes in the sense of electron-electron interaction 
or electron-phonon interaction, scattering at localized defects plays an important 
Figure 1.12 Temperature dependence of the sheet resistance in graphene on SiC 
attributed to electron-phonon scattering. Reprinted figure with permission from 
Jobst et al. Quantum oscillations and quantum Hall effect in epitaxial graphene. 
Phys. Rev. B 81, 195434 (2010) 9. Copyright (2010) by the American Physical So-
ciety. 
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role as discussed in section 1.5.1. However, the average scattering time τ intro-
duced in the Drude model does not describe electron transport across a defect, 
because localized defects cause a drastic change in the electronic structure and 
give rise to a localized scattering potential. This was realized by Landauer in 1957 
in his description of electron transport in the vicinity of a localized defect 81.  
Generally, when charge carriers pass a localized scatterer, backscattering occurs 
resulting in an accumulation of charge in front of the scatterer and a depletion be-
hind it. In other words, a dipole forms referred to as Landauer residual resistivity 
dipole 81.  
This dipole induces an electric field and changes the chemical potential µ, which 
describes the energy that is needed to add an electron to the system in the ab-
sence of an external electrostatic field. The electrochemical potential µec defined 
in equilibrium µec = µ − eϕ, (1. 12) 
captures both changes. Charge transport across a localized scatterer results in a 
change in the electrochemical potential.  
If a system is not in thermodynamic equilibrium, strictly speaking neither the chem-
ical potential nor the electrochemical potential is defined. In order to be able to 
describe charge transport spatially resolved, these quantities are transformed into 
local quantities µ(x) and µec(x). The idea behind this is to divide the entire system 
into small areas in which the equilibrium state can be approximated locally 82. Un-
der the condition of stationary time-independent states, a local electrochemical po-
tential can be defined 83  µec(x):= µ(x) − eϕ(x) (1. 13) 
This definition of the local electrochemical potential is the basis for the description 
of charge transport on the local scale as in the case of scanning tunneling potenti-
ometry (section 2.3.1). 
The concepts of the Landauer residual resistivity dipole find application in the con-
text of monolayer bilayer transitions and also for SiC substrate steps 84. Ji et al. 
first demonstrated this by mapping the associated step resistance of SiC substrate 
steps in graphene using scanning tunneling potentiometry 85. Moreover, they find 
a linear dependence of this step resistance on the step height 85.  
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Detailed considerations and calculations of the step resistance in graphene on SiC 
were carried out in 2012 by Low et al. 86. In their work, they investigate two possible 
causes for the step resistance in monolayer graphene, firstly, the influence of the 
curvature of the graphene layer across the step and resulting strain and, secondly, 
a change in the electronic coupling of the graphene and the substrate.  
The basic mechanism is that the graphene layer detaches from the substrate at 
the position of the substrate step. However, the resistance resulting from this de-
formation is <0.01 Ωµm and, thus, cannot be the main cause of the experimentally 
observed step resistances in the range of 5-10 Ωµm. If strain in the graphene layer  
Figure 1.13 Step resistance according to Low et al. 86 (a) graphene geometry for 
different step heights and (b) corresponding potential profile. Reprinted figures with 
permission from Low, Perebeinos, Tersoff & Avouris. Deformation and scattering 
in graphene over substrate steps. Phys. Rev. Lett. 108, 096601 (2012) 86. Copy-
right (2012) by the American Physical Society. (c) Schematic illustration of the 
charge carrier depletion at the position of the SiC substrate step. 
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is included in the calculations, the resulting step resistance is still <1 Ωµm. Accord-
ing to Low et al. the dominant contribution to the step resistance stems from an 
electronic coupling between the graphene and the substrate: the detachment of 
the graphene layer from the substrate results in a local change of the doping at the 
position of the substrate step (see Figure 1.13).  
Figure 1.13a shows the calculated detachment of the graphene layer over the sub-
strate step, which can be described with an analytical function of the form  
h(x) ≈ −hstep2 [erf (x − xsds ) + 1] + heq, (1. 14) 
where hstep is the step height of the substrate step, heq is the equilibrium distance 
between graphene and substrate, and xs and ds are step height-dependent pa-
rameters 86. Away from the substrate step, the graphene layer is at an equilibrium 
distance from the substrate and shows a strong n-type doping (as discussed in 
section 1.3.1). However, at the position of the step, the graphene detaches, the 
distance between the graphene and the substrate increases, and the doping in-
duced in the graphene layer decreases significantly.  
Table 1: Review of published step resistances for substrate steps in graphene on 
SiC. For comparability, all step resistances are normalized to a step height of 250 
pm based on the linear dependence of the step resistance on step height.  
 
Figure 1.13b shows that the graphene layer is indeed almost completely depleted 
of charge carriers at the position of the step, resulting in an almost box-shaped 
scattering potential, which becomes wider as a function of increasing step height. 
The charge carrier depletion at the position of the substrate step is sketched in 
Figure 1.13c. The linear dependence of the step resistance on the width of this 
scattering potential and, thus, on the step height is due to the band structure of 
Publication Normalized defect resistance [Ωµm] 
Clark et al. 87 1.2 
Willke et al. 80 3.6 
Ji et al. 85 3.9 / 4.0 
Ciuk et al. 88 4.8 / 6.8 
Willke et al. 89 7.8 
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graphene, which causes a pseudo-diffusive behavior in the depleted region 86. 
Note that it remains to be questioned whether the concept of pseudo-diffusive be-
havior is applicable on the local scale. 
In Table 1, based on 68, a summary of published results on step resistances in 
graphene on SiC is provided. Although the different studies show a qualitative 
agreement, the extracted values differ quantitatively. This aspect will be investi-
gated in detail in section 6.2.  
 Current Density Simulations 
The assumption of a homogeneous current density may be justified for some sam-
ple systems, but this cannot be assumed a priori for graphene on SiC even in very 
simple sample geometries. It is known, e.g., that monolayer-bilayer boundaries 
show a rather large defect resistance 84,85 and, thus, induce local variations in the 
current density. For this reason, simulations were carried out with the aim of quan-
tifying current density variations and, thus, ultimately enabling quantitative local 
transport measurements.  
To this end, finite element analysis was applied using the commercially available 
software package COMSOL multiphysics and the additional AC/DC Module. The 
main idea of these simulations is to model the surface morphology by a network of 
resistors (see Figure 1.14) and to calculate the current density using this resistor 
network 90. Dirichlet boundary conditions can be used for the horizontal edges of 
Figure 1.14 The current density calculations are based on modeling a (a) large-
scale constant current topography (VBias = 0.5 V, IT = 0.03 nA) using a (b) resistive 
network. The area marked with black lines in (a) is monolayer graphene just like 
the rest of the depicted sample surface. In order to determine the influence of a 
bilayer on the homogeneity of the current density, this region is first considered as 
a monolayer in the simulations and then assumed to be a bilayer. Graphic adapted 
from Sinterhauf et al. 33 licensed under CC BY 4.0. 
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the simulation domain 90, and the right and left edges of the simulation domain are 
defined as terminal and ground, respectively. 
As input parameters for the calculation of the current density, the macroscopic 
ohmic resistance and the global geometry of the sample, as well as additional topo-
graphic information like substrate steps, bilayer regions, and corresponding mon-
olayer-bilayer transitions are included according to the structural information from 
constant current topographies. Step resistances are set to 6 Ωµm , 12 Ωµm , 18 Ωµm for single, double, and triple substrate steps, respectively 33.  
The resulting current density of the pure monolayer constant current topography 
(CCT) in Figure 1.14a is shown in Figure 1.15. It is rather homogeneous with vari-
ations in the range of 0.86A m⁄  to 0.92A m⁄  for a bias voltage of 1V (see Figure 
1.15a). In order to estimate the impact of a small bilayer patch with corresponding 
monolayer-bilayer transition with a defect resistance of 25 Ωµm, a small bilayer 
Figure 1.15 Influence of bilayer regions on the homogeneity of the current density. 
(a) local current density jlocal(x, y) is calculated based on finite element simulations 
using COMSOL for a perfect monolayer grown by PASG. Arrows show current 
density as a vector plot. (b) for comparison, a bilayer region with corresponding 
monolayer-bilayer transition is included with otherwise fixed parameters. The in-
crease by almost a factor of 10 in the quantitative local variations of the current 
density is clearly visible when comparing the color scales. Graphic adapted from 
Sinterhauf et al. 33 licensed under CC BY 4.0. 
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patch is added as indicated in Figure 1.15b. As a result, the local current density 
becomes highly inhomogeneous, showing an increase by almost a factor of 10 in 
its quantitative local variations.  
These calculations illustrate the need for homogeneous samples, e.g. without bi-
layer areas, in order to be able to conduct quantitative local transport measure-





2 Experimental Methods 
This section introduces the theoretical background and basic concepts of the ex-
perimental techniques that have been applied in the experimental sections 3, 4, 5 
and 6. In this context, the present thesis mainly relies on scanning tunneling mi-
croscopy (STM) (section 2.1.1), additionally, the related method of atomic force 
microscopy (AFM) is used (section 2.1.2). In order to connect the structural infor-
mation with the electronic properties, we employ scanning tunneling spectroscopy 
(STS) (section 2.2.1). The tool of Kelvin probe force microscopy (KPFM) is intro-
duced in section 2.2.2. In section 2.3 we turn to methods capable of determining 
the local transport properties. In this context, the most important method for this 
thesis is scanning tunneling potentiometry (STP), which we cover in section 2.3.1. 
Furthermore, an extension of KPFM for transport measurements is presented in 
section 2.3.2. This section ends with an introduction of the STM setup as well as 
the electronics in section 2.4. 
 Structural Analysis 
In view of the 2D nature of the graphene sample system, the approach to charac-
terize this material system by means of microscopy methods is rather obvious as 
in this case, and contrary to bulk materials, microscopy methods can yield a com-
prehensive picture of the sample under investigation. In very early experimental 
studies on graphene it has already been shown that monolayer graphene prepared 
by the scotch-tape method on a suitable substrate such as SiO2 can be quickly and 
easily identified by optical microscopy based on the characteristic interference con-
trast 37.  
In addition to optical microscopy, many other surface characterization tools are 
available and have been used to study graphene. Some examples include electron 
diffraction 57, electron microscopy 91,92, photoemission 93, x-ray diffraction 94, and 
scanning probe tools 62. The zoo of different methods differs in the way the individ-
ual method interacts with the sample (e.g., excitation by photons, electrons, or 
ions), as well as in whether the technique provides information in real space or in 
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reciprocal space. For some techniques, it is even possible to switch between the 
different images in real space or reciprocal space. An example of this is low energy 
electron microscopy (LEEM), which will be addressed in section 5.2. Despite the 
versatility of this method, a crucial drawback of LEEM in the context of this work is 
the lack of height information, which prohibits the assignment of SiC terminations 
to graphene terraces (as introduced in section 1.3 and applied in section 4.2) be-
yond doubt.  
In scanning probe microscopy, this type of information is naturally included. In ad-
dition to the possibility of atomic-scale structural analysis, scanning probe micros-
copy offers various other measurement modes beyond topographic imaging allow-
ing for a comprehensive analysis at a specific position on the sample regarding its 
structural as well as its electrical and transport properties.  
 Scanning Tunneling Microscopy 
Scanning tunneling microscopy (STM) is based on the quantum mechanical effect 
called quantum tunneling, where an electron passes through a barrier that it could 
not overcome classically. In an STM, quantum tunneling is realized with a sharp 
tip that is brought very close (< 1nm, as the tunneling current decreases exponen-
tially with distance) to the surface of a sample. Applying a bias voltage V  to the 
tunneling junction a current flows, which passes the vacuum barrier between tip 
and sample.  
In the following, different approaches are shown to describe the tunneling current 
between tip and sample. Firstly, the Bardeen theory and secondly, the Tersoff-
Hamann theory as well as the Hamers model are presented. For an in-depth intro-
duction we refer to 95. Finally, the constant current topography (CCT) imaging mode 
is introduced.  
Bardeen Theory | A theoretical approach to describe electron tunneling is the time-
dependent perturbation approach developed by Bardeen already in 1961 95. It is 
based on electron tunneling in metal-insulator-metal tunneling junctions. In this ap-
proach, the Schrödinger equations of the two subsystems, sample and tip, are 
solved separately. The tunneling current is then calculated from the overlap of the 
wave functions.  
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Assuming a set of wave functions 𝜓 and 𝜒 for sample and tip, respectively, the 
transition matrix element between two states 𝜇 and 𝜈 is given by  
Mμν = ℏ22m∫ (ψµ∇χν∗ − χv∗∇ψµd𝐒)𝐒 (2. 1) 
where 𝐒 denotes the separation surface between tip and sample (Figure 2.1). The 
tunneling current, which is driven by a bias voltage V, can be written as follows 
IT = 2πeℏ ∑[f(Eµ) − f(Eν)]μ,ν |Mμν|2δ(Eν + eV − Eµ). (2. 2) 
Tunneling is only possible from occupied states to unoccupied states [f(Eµ) − f(Eν)] with the same energy regarding the applied bias voltage, which is 
ensured by the delta function. The transfer probability is given by the transfer ma-
trix element Mμν. In the limit of low temperatures and small bias voltages, equation 2.2 can further be approximated by replacing the Fermi distributions with step func-
tions resulting in 95,96 
IT = 2πe2ℏ V∑|Mμν|2δ(Eν − EF)δ(Eµ − EF)μ,ν . (2. 3) 
Tersoff-Hamann Theory and Hamers Model | In 1983 Tersoff and Hamann intro-
duced a new model based on Bardeen's theory of electron tunneling. In their ap-
proach, the tip was described as a spherical s-wave function with a radius of cur-
vature R as shown in Figure 2.2.  
Figure 2.1 Bardeen theory for electron tunneling. Schematic of a tip sample system 
separated by the separation surface. Graphic inspired by 95. 
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For small bias voltages, the transfer matrix elements Mμν in equation 2.3 can be 
assumed to be constant and, thus, the tunneling current in the model of Tersoff 
and Hamann can be expressed in a very simple form 95. It is proportional to the 
applied bias voltage and the sample's local density of states (LDOS) ρS(𝐫0, EF), 
where 𝐫0 denotes the center of the curvature of the tip. The tunneling current then 
reads IT = eVρS(𝐫0, EF). (2. 4) 
However, the assumption of constant transfer matrix elements does not hold for 
higher voltages. In this case, the Hamers model has shown to be useful, where the 
transfer matrix element is replaced by a distance- and energy-dependent transmis-
sion T(E, eV, z). Equation 2.3 then reads 
IT ≈ ∫ ρs(E − eV, r)eV0 ρT(E)T(E, eV, z)dE (2. 5) 
with the tip’s LDOS ρT(E) 97. Using the Wentzel-Kramers-Brillouin approximation, 
the transmission can be written as  
T(E) = exp(−2√2mℏ ∙ √ϕs + ϕT2 + eV2 − E ∙ z) , (2. 6) 
Figure 2.2 Tunneling junction in the theory of Tersoff and Hamann, tip modeled as 
a spherical potential well with radius of curvature R. Graphic inspired by 95. 
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where ϕs  and ϕT  represent the work functions of sample and tip, respectively. 
Equation 2.6 reflects the exponential decay of the tunneling current with distance z between tip and sample.  
Constant Current Imaging | For acquiring so-called constant current topographies 
(CCT), a constant bias voltage Vbias is applied to the sample causing a tunneling 
current flow between tip and sample. By changing the height of the tip above the 
sample surface, IT is adjusted to a certain setpoint value. The tip is scanned using 
piezo crystals that vary the spatial coordinates (x, y), and at each point the tunnel-
ing current is regulated by a closed feedback loop. Showing the tip height as a 
function of the spatial coordinates (x, y) yields the CCT in this specific sample re-
gion. However, it has to be kept in mind that this type of topographic imaging does 
not (necessarily) show the topographic surface structure. For a flat and topograph-
ically featureless sample, the CCT might still show spatial modulation as it captures 
contours of a constant integrated LDOS in the range of [0, eV] at a certain distance 
from the sample, which can be seen by recalling equation 2.5. If the surface struc-
ture is not flat and featureless, but exhibits height variations, a non-trivial superpo-
sition of the spatial height variations and the spatial changes of the electronic prop-
erties of the sample surface is measured. CCT measurements form one of the core 
parts of this work and are used in sections 4 and 6 to analyze the structural prop-
erties of PASG graphene on the nanoscale. 
 Atomic Force Microscopy 
Atomic force microscopy (AFM), just like STM, is a scanning probe method. How-
ever, in contrast to STM, the important quantity in AFM is the force interaction be-
tween tip and sample. In order to obtain an image of the surface of the sample, the 
tip (mounted on a cantilever) is brought very close to the surface. Different forces 
act on the tip resulting in a deflection of the cantilever. This deflection is measured 
with the help of a laser, which is reflected by the cantilever and then detected by a 
photodiode (Figure 2.3). In order to obtain spatially resolved information, the tip is 
scanned over the sample by using piezo elements keeping a control variable (e.g. 
the deflection of the cantilever) constant using a feedback loop 98.  
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At large distances, the interaction between tip and sample is typically dominating 
by attractive Van der Waals forces, whereas in close proximity to the sample, Pauli 
repulsion is strongest. The interaction between these two contributions is de-
scribed by the Lennard-Jones-potential. However, the method of AFM is not limited 
to these types of tip sample interaction, any kind of force that is able to change the 
oscillation of the cantilever can be measured 99.  
Generally, in AFM one differentiates between static (contact mode) and dynamic 
(non-contact, intermittent contact mode) measurement methods. In static mode, 
the deflection of the cantilever is measured directly via the deflection of the laser, 
whereas in dynamic modes the cantilever is excited to oscillate near its resonance 
frequency and changes in the oscillation frequency, phase or amplitude are de-
tected 99. In this thesis, the standard measurement mode for topographic imaging 
is the tapping mode.  
Tapping mode AFM | In tapping mode, also referred to as intermittent contact 
mode, the cantilever is excited to oscillate with a large amplitude such that the tip 
periodically touches the sample. The cantilever is excited to oscillate at a defined 
frequency and amplitude. The interaction with the sample leads to a shift in the 
oscillation frequency shift, which in turn results in a change of the oscillation am-
plitude. By adjusting the distance of the tip from the sample surface, the oscillation 
amplitude is kept constant. A topographic image is obtained by mapping the read-
justment of the distance between tip and sample as a function of position. This 
Figure 2.3 Schematics of an AFM setup operating in static mode. Preprinted by 
permission from Springer Nature, Atomic force microscopy by B. Voigtländer   98. 
Copyright (2019) by Springer Nature. 
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measurement mode is called AM-AFM, because the control parameter is the am-
plitude. It is used in section 3.2 for an in-depth analysis of the step sequence of 
PASG graphene.  
 Analysis of Electronic Properties 
One of the standard methods for characterizing the electronic properties is proba-
bly angle-resolved photoemission spectroscopy (ARPES). This method gives di-
rect access to the band structure of a material averaged over a rather large sample 
area. Using ARPES, e.g., the linear dispersion of graphene was experimentally 
demonstrated 93.  
In this work, a real-space approach to the electronic properties of graphene is cho-
sen based on the methods of STM and AFM. The advantage of this is that the 
electronic properties can be resolved locally and linked directly to the structural 
properties. In the context of STM, the most commonly used method for electronic 
structure analysis is scanning tunneling spectroscopy (STS), which provides ac-
cess to the energy-resolved density of states with the lateral resolution of an STM. 
Details on this are provided in section 2.2.1. Moreover, based on AFM, Kelvin 
probe force microscopy (KPFM) gives access to local changes in the work function 
of a sample (section 2.2.2).   
 Scanning Tunneling Spectroscopy 
Rewriting the derivative of equation 2.5 in the limit of low temperatures and assum-
ing a constant transmission probability T as well as a constant tip local density of 
states (LDOS) ρT yields 97 dITdV (V) ∝ ρS(eV). (2. 7) 
Thus, the differential conductance measured in STS is proportional to the LDOS of 
the sample.  
Due to the assumption of, e.g. a constant tip LDOS, the absolute value of STS 
measurements is often complicated to interpret. For this reason, it is often useful 
to compare different STS features qualitatively. 
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In order to determine the differential conductivity, the topography is first adjusted 
at each measurement point at a fixed tunneling current IT and bias voltage Vbias 
and then the differential conductance is recorded at each measurement point indi-
vidually. The 
dITdV (V) spectra can be obtained numerically by deriving IT(Vbias)-
curves, or by using lock-in technique. In this thesis, spectroscopic measurements 
are carried out by lock-in technique. Details on the implementation are given in 100.  
 Kelvin Probe Force Microscopy 
Kelvin probe force microscopy is an AFM-based imaging mode, which measures 
the so-called contact potential difference between tip and sample that is reflected 
in an electrostatic force between the two. When a conductive tip is brought in close 
contact with a conductive sample, the Fermi levels of tip and sample align and it 
holds for the contact potential difference 
VCPD(x, y) = 1e [ϕtip − ϕsample(x, y)] (2. 8) 
where e is the elementary charge and ϕtip and ϕsample denote the work functions 
of the tip and the sample, respectively 80,101. Thus, VCPD(x, y) is a measure for 
changes in the sample’s work function. Although this quantity is difficult to interpret, 
in some cases it can provide indirect insight into the local electronic structure of 
the sample under investigation 102,103. 
In the static case, VCPD is determined by applying an external voltage VDC between 
tip and sample such that the force resulting from the contact potential is nullified. 
Specifically, in our setup, the sample is grounded and the potential of the tip is 
varied. In the dynamic case, both a DC voltage as well as a small AC modulation 
are applied to the tip. The AC component creates an oscillating electrostatic force 
which excites the cantilever to oscillate. Tip and sample behave like a capacitor 
and the force between tip and sample can be written as 
F = 12dCdz V2 (2. 9) 
where C is the capacity. Using lock-in technique, different components of the force 
can be detected separately.  
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The electrical excitation can either be measured in amplitude modulation mode 
(AM-KPFM) or in frequency modulation mode (FM-KPFM). In the latter case, the 
signal is proportional to the gradient of the force between tip and sample. Accord-
ing to Zerweck et al., of these two modes, the FM-KPFM mode provides more 
quantitative results 104. In this thesis, both modes were compared on graphene on 
Ge/Si(001) with the result that the FM-KPFM mode provides better resolution in VCPD in agreement with 104. It was even possible to resolve the fingerprint of the 
individual topographic facets of graphene on Ge/Si(001) (compare Figure 1.4) in 
the KPFM map in Figure 2.4. The FM-KPFM mode was used in section 5 for the 
analysis of work function changes of PASG graphene. 
 Transport Properties on a Local Scale 
A well-established method for the determination of local transport properties is the 
nano 4-point probe method (N4PP) measurements presented in section 3 were 
conducted in the group of Prof. Tegenkamp in Chemnitz. Based on the idea of 
using 4 probes as in classical 4-point measurements to avoid the problem of con-
tact resistance in resistivity measurements 105, four STM tips are placed in a square 
arrangement with a defined distance to each other as shown in Figure 2.5. The tip 
positioning is done by means of an integrated scanning electron microscopy setup. 
Two of the tips conduct a current through the sample, the remaining tips are used 
to measure the potential. In this way, it is possible to determine quantities such as 
the sheet resistance or the anisotropy.  
Figure 2.4 FM-KPFM map of work function changes of graphene on Ge/Si(001).  
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N4PP measurements are an excellent tool for anisotropy measurements down to 
the scale of the minimum tip spacing of a few 100 nm. Combining N4PP with scan-
ning tunneling potentiometry, which is able to differentiate between diffusive and 
localized scattering processes 90, allows for a comprehensive characterization from 
the mesoscopic to the local scale.  
 Scanning Tunneling Potentiometry 
Scanning tunneling potentiometry (STP) is a tool that connects the local transport 
properties, i.e. the local potential, to the topographic information on the nanoscale. 
The idea of STP is to measure the electrochemical potential µec locally in the sense 
that was defined in equation 1.13 in section 1.5.3 with the resolution of an STM. 
This is achieved by using the tip as a non-invasive voltage probe to measure µec 
at a defined tip height. The method of STP has been suggested and experimentally 
implemented in 1986 by Muralt and Pohl 106.  
In our setup, the samples are ex-situ contacted with two gold contacts in a shadow 
mask procedure such that an additional bias voltage Vcross can be applied, see 
Figure 2.6. This additional voltage induces an electric current in the sample. The 
measurement of the local potential is realized by switching off the bias voltage Vbias 
at a fixed tip height defined by the setpoint current, and applying a variable voltage VSTP to the tunneling junction such that no tunneling current flows. For IT = 0, tip 
and sample are locally on the same potential in the sense that the measurement 
procedure defines the local electrochemical potential µec(x, y) of the sample in 
terms of a non-equilibrium quantity as introduced in section 1.5.3. The adjustment 
Figure 2.5 Schematics of a N4PP setup for mesoscopic transport measurements. 
For tip positioning, an integrated SEM setup is used.  
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of the voltage VSTP is done at every position (x, y) and recorded in a map, the STP 
map, also called potential map.  
In addition to the electrostatic transport field, thermovoltage contributes to the tun-
neling current in STP measurements. Thermovoltage can be seen as a micro-
scopic analogue to the thermoelectric Seebeck effect, which describes the diffu-
sion current that emerges in a circuit of conductors of different materials driven by 
a temperature gradient. In an STM tunneling junction, thermovoltage occurs due 
to the temperature difference between tip and sample 96. For symmetric transport (VCross+ = −VCross− ), the pure transport signal can be reconstructed from measure-
ments of reverse current directions 84,96. 
 Kelvin Probe Force Microscopy for Transport Measurements 
Based on KPFM, charge transport studies are feasible by extending the setup with 
the possibility to apply a voltage VCross across a sample 80,101. If VCross ≠ 0, the evo-
lution of the electrostatic potential across the sample superimposes on VCPD intro-
duced in section 2.2.2. Similar to the cancellation of the thermovoltage in STP 
measurements, also here the transport signal can be determined from measure-
ments of reverse current direction. The validity of this reconstruction method has 
been demonstrated for charge transport in graphene on SiO2 80.  
Figure 2.6 Working principle of the STP setup. (a) Sketch of the STP setup, the 
bias voltage Vbias is switched off at every position (x, y) and the tunneling current 
is nullified IT = 0. The required voltage VSTP is recorded and mapped as a function 
of position. (b) Potential map and (c) corresponding (200 × 50) nm² topography 
(imaging conditions: VBias = 0.03 V, IT = 0.15 nA, j = 3.56 Am−1 ) of monolayer gra-
phene on SiC crossing a triple substrate step. The scale bar is 10 nm. Graphic 
taken from Sinterhauf et al. 33 licensed under CC BY 4.0.  
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This type of extension of the KPFM setup for charge transport measurements has 
been used in this thesis to study charge transport in Au-contacted graphene on 
Ge/Si(001) in a comprehensive manner 46. Thereby, we could reveal a significant 
influence of the two materials Au and Ge in close proximity to the graphene sheet 
on graphene’s transport properties.  
 Experimental STM Setup 
STM experiments, where a sharp metal tip is brought very close to a sample sur-
face, require high stability of the tunneling junction and precise spatial positioning. 
In the framework of this thesis, experiments have been conducted in two different 
home-built STM setups operating at base pressures ≈ 5 ∙ 10−11mbar. The STM 
setups are designed in a modified beetle type originally developed by Besocke 107. 
Details of our STM setup can be found in 90.  
Figure 2.7 (a) Extension of a (commercial Agilent 6500LS) AFM operating under 
ambient conditions for transport measurements. The graphene on Ge is contacted 
with two gold contacts. Each one is connected to a voltage supply operating in the 
range of ±10 V. The inversion of the polarity of the voltage is necessary to induce 
opposite current flow through the sample. In addition, the macroscopic current is 
measured in series. (b) Transport map of pristine graphene/Ge/Si(00) (c) from 
which the local sheet resistance of pristine graphene/Ge/Si(001) is extracted. 
Graphic adapted from Sinterhauf et al. 46 licensed under CC BY 4.0. 
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The heart of our design consists of four tube piezos. Three of these piezos are 
arranged in a triangle around the sample support. On top of each piezo there is a 
sapphire ball supporting the STM head including the tip, the fourth piezo used for 
z-movement, and a ramp. The tips are fabricated of a polycrystalline tungsten wire 
with a diameter of 250µm, which is electrochemically etched, in-situ annealed, 
sputtered with Ar+-ions and characterized by field emission. By applying specific 
voltages to the tube piezos, the entire STM head slides up or down the ramp on 
the sapphire balls. This movement causes a change in tip height and is called slip-
stick-movement. Movement of the tip (and therefore of the entire STM head) in x- 
and y-direction is also realized with the three tubes piezos. In order to apply a bias 
voltage between tip and sample, as well as a cross voltage across the sample for 
transport measurements, the sample support consists of six segments, which are 
electronically separated. The entire STM head is mounted at the bottom of a liquid 
helium cryostat operating at a temperature of 8K. In addition to low-temperature 
measurements, it is feasible to operate the very same setup using liquid nitrogen 
cooling (77K) or even without cooling at room temperature.  
To achieve atomic resolution as well as stable and low-noise potentiometry meas-
urements, precisely working electronics play an important role. The electronic 
setup developed and used in our group over the last years is shown in Figure 2.8. 
On the sample side, the bias voltage is applied using a 16-bit digital-analogue-
converter (DAC). Our setup is equipped with a second and identical DAC, which is 
Figure 2.8 Electronic circuit for an STP experiment with microvolt resolution im-
plemented in a standard STM electronics. In our setup, we use 16-bit DACs.  
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controlled separately so that the two DACs can be set to different values. This 
peculiarity of the electronic setup becomes particularly important for STP meas-
urements. The DACs can drive a current with a resistance of roughly 200Ω, for 
higher currents additional current amplifiers are implemented. On the tip side, the 
tunneling current is converted by an I V⁄  converter and then passes a 16-bit ana-
logue-digital converter (ADC) before it is fed into the topographic feedback loop, 
which calculates the z-position of the tip. For potentiometry measurements, also 
on the tip side an additional DAC is needed as shown in Figure 2.8. A voltage VSTP 
is fed into the non-inverting input of the I V⁄  converter and the potentiometry feed-
back loop modifies this voltage until it cancels out the tunneling current. Details 




3 Charge Transport in Graphene from Mesoscopic to 
Microscopic 
Anisotropy of a solid describes that this solid shows different properties along dif-
ferent crystallographic axes. The anisotropy is therefore an important parameter to 
characterize a solid in its entirety and is, e.g., important in the context of magneto-
resistance 109. In the case of graphene, anisotropic behavior is observed, e.g., for 
excitation and relaxation of photo-generated charge carriers 110, or in friction force 
microscopy 111.  
The anisotropy of a system also plays an important role in the description of the 
electrical resistance. Usually, this quantity is determined by rotational square 
measurements based on N4PP methods. Due to the finite spacing of the 4 probes, 
such measurements provide a mesoscopic picture of the conductance. In order to 
understand the conductance of a system and its anisotropy, it is often important to 
distinguish between the different contributions to the resistance and to analyze 
them individually. A beneficial approach is the combination of macroscopic / 
mesoscopic and local transport measurements. Based on this, e.g., the macro-
scopic resistivity of the Si(111)( √3 × √3)-Ag reconstruction could be unraveled. It 
is composed of diffusive electron-phonon and electron-electron scattering as well 
as localized scattering processes at step edges and domain boundaries 90,112.  
In the following, we use this approach (a combination of mesoscopic rotational 
square measurements and local transport measurements) to understand the re-
sidual anisotropy of the resistance in high-quality graphene on SiC. 
 Author Contributions 
In collaboration with G.A.T. and M. W., A.S. performed the STP measurements, 
analyzed the STP results, linked them to the results of the N4PP measurements 
and developed the model for ASTP.  
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We report on electronic transport measurements in rotational square probe 
configuration in combination with scanning tunneling potentiometry of epi-
taxial graphene monolayers which were fabricated by polymer-assisted sub-
limation growth on SiC substrates. The absence of bilayer graphene on the 
ultralow step edges of below 0.75 nm scrutinized by atomic force microscopy 
and scanning tunneling microscopy result in a not yet observed resistance 
isotropy of graphene on 4H- and 6H-SiC(0001) substrates as low as 2%. We 
combine microscopic electronic properties with nanoscale transport experi-
ments and thereby disentangle the underlying microscopic scattering mech-
anism to explain the remaining resistance anisotropy. Eventually, this can 
be entirely attributed to the resistance and the number of substrate steps 
which induce local scattering. Thereby, our data represent the ultimate limit 
for resistance isotropy of epitaxial graphene on SiC for the given miscut of 
the substrate. 
 Introduction 
Epitaxially grown graphene monolayers on SiC substrates have the potential to be 
used as a basis for future electronic applications 62,94,113. The main advantage is 
the capability of waferscale graphene manufacturing directly on the insulating SiC 
substrate. Desirable for device fabrication is a high crystal quality over large areas 
with coherent electronic properties of the graphene layer. However, this is chal-
lenging for epitaxial growth. The substrate morphology, in particular SiC terrace 
steps, are known to strongly deteriorate the performance of graphene-based elec-
tronics, e.g., by limiting the geometry of devices, lowering the cutoff frequency in 
high-speed electronics 114, degrading carrier mobility 115 in FET devices 116,117 or 
leading to anisotropies in the quantum Hall effect (QHE) 118,119. Rotational square 
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probe measurements have quantified a conductance anisotropy of about 70% for 
epitaxial graphene layers grown on the Si-face of 6H-SiC 120. Other 4-terminal elec-
tronic transport measurements showed a pronounced resistance anisotropy of ap-
proximately 60% and even more than 100% for epitaxial graphene produced by 
sublimation growth (SG) methods and chemical vapor deposition (CVD), respec-
tively 88,117. In all cases, higher resistance values were observed for transport per-
pendicular to the SiC surface terraces, which indicates a correlation with the ter-
race step edges of the SiC substrate.  
The impact of individual step edges of the substrate on the electrical resistance of 
the epitaxial graphene layer was investigated by various local scanning tunneling 
potentiometry (STP) studies which revealed an additional step-induced resistance 
contribution for charge carrier transport in monolayer graphene across the step 
edges 85,87,89. Various physical scattering sources were discussed, e.g., detach-
ment from the underlying substrate leading to a potential barrier, induced by a dop-
ing variation 86,89. Also, local scattering by charge built up, graphene defects, as 
well as local strain at step edges, were addressed as potential origins 120–122. An-
other more considerable contribution arises from the transition region between 
mono- and bilayer (ML−BL) graphene due to a wave function mismatch 84,85,123,124. 
In particular, a ML−BL transition at a SiC step edge causes a significant increase 
in the local resistance. Moreover, magnetotransport measurements in bilayer-
patched monolayer graphene showed that bilayers could cause anomalies in the 
quantum Hall effect 125. The influence of bilayer regions on charge magnetotran-
sport also depends on the bilayer position and its carrier density, which later deter-
mines the metallic or insulating behavior of the bilayer. Accordingly, magnetotran-
sport in graphene can be interfered, either shunted by the bilayer or constricted 
through the monolayer graphene regions in case of metallic or insulating bilayer’s 
characteristic, respectively 126. This suggests that bilayers can have a substantial 
impact on the transport properties of graphene devices, and an impact on the re-
sistance anisotropy is expected. Because the formation of bilayer graphene is very 
often observed at step edges higher than three Si-C bilayers 52,127 it is highly favor-
able to keep SiC step heights below 0.75 nm to prevent bilayer formation during 
epitaxial graphene growth.  
In this study, we present the successful realization of such ultrasmooth monolayer 
graphene sheets on 4H-and 6H-SiC polytype substrates by the so-called polymer-
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assisted sublimation growth (PASG) technique 11. Rotational square probe meas-
urements of the monolayer graphene reveal nearly vanishing resistance aniso-
tropies of only about 3%. This value is in good agreement with the anisotropy de-
termined from STP measurements at individual terrace steps. It can hence be re-
garded as the ultimate lower limit of resistance anisotropy only given by step in-
duced resistance contributions. This study shows that nearly perfect resistance 
isotropy of epitaxial graphene sheets can be achieved by careful control of the 
growth conditions. 
 Sample Preparation 
The growth of epitaxial graphene was performed on the Si-terminated face of SiC 
substrates (5 × 10 mm2 ) cut from semi-insulating 6H- and 4H-polytype wafers 
(nominally 0.06° toward [11̅00]), in the following referred to as sample S1 and S2, 
respectively. A low miscut angle of the wafer is an important prerequisite to obtain 
smooth graphene layers 11,52. The epi-ready surface conditioning allows high-qual-
ity epitaxial growth without hydrogen pre-etching. A particular growth procedure 
was applied, including the PASG technique and special temperature ramps, as 
described in the following, see also Supplementary Information in section 3.2.6. 
Polymer adsorbates were deposited on the samples by liquid phase deposition 
from diluted isopropanol-photoresist (AZ5214E) introduced to an ultrasonic bath 
that was followed by a short isopropanol rinsing, see Ref. 11 for details. The sub-
sequent high-temperature growth process was identically carried out on both pol-
ytype substrates in a horizontal inductively heated furnace 128. Three initial anneal-
ing steps at lower temperatures of 900 °C (vacuum, 30 min), 1200 °C (Ar atmos-
phere, 900 mbar, 10 min), and 1400 °C (Ar atmosphere, 900 mbar, 2 min) were 
carried out before the graphene growth at 1750 °C (Ar atmosphere, 900 mbar, 6 
min). After the vacuum annealing step, the samples were first allowed to cool to 
room temperature (no argon gas flow) for adjusting the pressure to 900 mbar by 
argon for the later graphene growth. This intermediate cooling for carbon conden-
sation was introduced to increase the number of nucleation sites on the SiC sur-
face for accelerated buffer layer growth.  
For comparison, three other graphene samples (S3−S5) were used in this study, 
listed in Table 2. Graphene sample S3 was grown by conventional sublimation 
growth (SG) after preannealing in Ar atmosphere (1000 mbar) on a small miscut 
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6H-SiC substrate (≈0.06°) 127. S4 is a PASG graphene sample on a 6H-SiC sub-
strate with a large miscut angle of ≈0.37° 11. The graphene of S5 was fabricated 
by sublimation growth on a hydrogen pre-etched 6H-SiC substrate 127. The main 
parameters (1750 °C, ≈1 bar Ar atmosphere, 6 min) of the graphene growth were 
kept the same for all samples. 
 Results and Discussion 
Surface Morphology | The atomic force microscopy (AFM) topography images of 
the graphene monolayers grown on 6H- and 4H-SiC substrates, samples S1 and 
S2, are shown in Figure 3.1a and d. The very smooth and homogeneous surface 
morphology is a typical result and can be found on the entire surface of the samples. 
This is confirmed by multiple AFM measurements at different positions in the cen-
ter and near the edges of the samples, as well as by optical microscopy inspection 
throughout the surface. The corresponding histograms in Figure 3.1c and f are the 
results of AFM inspection of about 200 steps collected from 9 different positions 
on the substrates, including edge regions. For most of the terrace steps on both 
polytypes, we found heights below 0.75 nm.  
Table 2: Samples used in this study and the results from AFM, N4PP measure-
ments, and STP. 
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A closer inspection of the topography in Figure 3.1a reveals a regular and alternat-
ing sequence of terraces with a 0.25 nm high step in front of a terrace with 0.5 nm 
step-height for the 6H-SiC sample. This situation is depicted in the height profile of 
Figure 3.1b. The clear majority of the terrace steps (≈90%) exhibit such a sequen-
tial pattern and only occasionally (10%) steps with 0.75 nm height are observed, 
see the histogram in Figure 3.1c. Higher steps were not found, which confirms that 
step bunching is effectively suppressed by the PASG technique. 
For the graphene on the 4H-SiC polytype, no such repeating sequence of steps is 
observed, Figure 3.1e. The step height histogram in Figure 3.1f. shows a different 
and somewhat wider height distribution compared to the 6H polytype. Although the 
majority (50%) of steps are 0.5 nm high as before, a smaller percentage (20%) of 
0.25 nm steps and a higher proportion (25%) of 0.75 nm steps are measured. Here, 
Figure 3.1 AFM measurements of monolayer graphene grown by the PASG 
method on 6H-SiC (sample S1) and 4H-SiC (sample S2). (a) Surface topography 
of S1. (b) Height profile along the profile line in panel a showing the pairwise se-
quence of 0.25 and 0.5 nm steps (marked by red dotted rectangles) typical when 
using 6H-SiC substrates. (c) Statistical evaluation of nine AFM images from the 
center, edges, and corners of the sample indicating the remarkable homogeneity 
all over the sample. (d) Surface topography of S2 using 4H-SiC substrates as well 
as (e) the corresponding height profile and (f) the step height distribution. 
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a tiny portion (≈3%) of 1 nm high steps is observed. Nevertheless, the high per-
centage (70%) of low steps with heights of 0.25 and 0.5 nm is remarkable and 
exceeds the results for conventional sublimation growth on 4H-SiC 52,129. Such ul-
trasmooth graphene layers found on both SiC polytypes are a unique feature of 
the PASG technique. It is comparable to graphene layers grown on 3C-SiC(111) 
surfaces 52. A second typical property of PASG graphene layers is the suppression 
of graphene bilayer formation which can be regarded as a result of the very low 
SiC step heights ≤0.75 nm, in agreement with Raman mappings 11. The observed 
formation of the 0.25/0.5 nm step-pairs on the 6H-SiC substrate is related to the 
specific surface-energy sequence of the SiC bilayer planes of the 6H polytype. 
Surface restructuring and step bunching can be understood as retraction of Si-C 
bilayers with different velocities which are related to distinct terrace energies 52,130.  
This retraction process is effectively slowed by the additional carbon supplied from 
the cracked polymer because the large area homogeneous carbon nucleation on 
the terraces accelerates the growth of the buffer layer whose covalent bonds to the 
SiC stabilizes the terrace structure 11. This enables step bunching only for fast re-
tracting Si-C bilayers, which can catch up a slower one before the surface topog-
raphy is ‘frozen in’ by the buffer layer. For 6H-SiC, which has three distinct terrace 
energies per unit cell, this results in three different retracting velocities and finally 
to a periodic sequence of 0.25 and 0.5 nm steps. A similar pattern cannot develop 
on 4H-SiC surfaces which exhibit only two distinct terrace energies per unit cell 
52,130. However, it is evident that an overall reduction of the step heights is achieved 
by the PASG technique compared to SG growth on 4H-SiC substrates 11,129.  
Resistance Anisotropy Measurement | The electronic properties of the graphene 
samples were investigated by angle-dependent nano four-point probe (N4PP) 
measurements in an Omicron UHV nanoprobe system 131. The samples were kept 
in UHV at room temperature after a thermal cleaning procedure by heating up to 
300 °C. The scanning tunneling microscopy (STM) tips were placed in a square 
arrangement with 100 μm spacing, and electrical current was flowing between two 
adjacent tips while the voltage drop was measured between the two opposite ones, 
Figure 3.2c. From the ohmic I-V-curves which were measured in the current range 
from −10 µA to +10 μA, the absolute resistance values R were calculated. The 
N4PP measurements were carried out for different angles between the direction of 
the current probes and the step edges. The angles of 0° and 180° (90°) correspond 
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to current flow parallel (perpendicular) to the steps, and R0 denotes the averaged 
absolute resistance from the parallel (0 and 180°) measurements, see Table 2. 
The measured resistances 𝑅𝜃  for a given angle 𝜃 are adequately described by 
𝑅𝜃 = 12𝜋√𝜎∥𝜎⊥ × ln√(𝜎∥ 𝜎⊥⁄ + 1)2 − 4cos2𝜃sin2𝜃(𝜎∥ 𝜎⊥⁄ − 1)2(sin2𝜃 + 𝜎∥ 𝜎⊥⁄ cos2𝜃)2 (3. 1) 
and perpendicular to the step direction, respectively, assuming an anisotropic 2D 
sheet with different conductivities in x- and y-direction 132. From the fitting proce-
dure, finally the resistivity values perpendicular (𝜌perp = 𝜎⊥−1)  and parallel (𝜌par = 𝜎∥−1) to the step edges are obtained 105, and the anisotropy ratio is calcu-
lated as A = 𝜌perp 𝜌par⁄ , see Table 2. 
Because the current flow via the semi-insulating SiC substrate and the buffer layer 
is negligible, the measured resistance is related to the 2D graphene sheet on top. 
For the applied rotational square method, it was shown that it is sensitive to both, 
a possible intrinsic anisotropy of the graphene, and additional superimposed ef-
fects (extrinsic anisotropy), e.g., step edges 132. Due to the isotropic dispersion of 
the density of states near the Fermi level, an isotropic resistivity for graphene is 
expected 39,120. Any measured anisotropy is therefore related to extrinsic effects. 
Figure 3.2 Results from rotational square probe measurements of five epitaxial 
graphene samples produced under different growth conditions, see Table 2. (a) 
Resistance variation as a function of the rotation angle for the PASG graphene 
sample S1 on 6H-SiC and S2 on 4H-SiC. (b) Anisotropy related resistance contri-
bution 𝑅 − 𝑅0 as a function of the rotation angle of all five graphene samples S1−
S5. The fitted curves (solid lines in a and b) are calculated by using a model for 
anisotropic 2D sheets, as explained in the literature 132. (c) Schematic diagram of 
the rotational squared N4PP method. The SEM image shows the STM tips on a 
graphene sample for the N4PP measurement at a rotation angle of 90°. 
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Figure 3.2a shows the measured resistance R as a function of the rotation angle 
for the PASG graphene samples S1 and S2. A very slight resistance increase of a 
few Ohm is observed at angles around 90° which indicates that step related effects 
are noticeable also from these very flat surfaces. However, they are of minimal 
impact on the resistance anisotropy which is expressed by the obtained very small 
values of AS1 = 1.03 and AS2 = 1.02. This is underlined by the comparison to ani-
sotropies of about 1.7 for epitaxial graphene growth in vacuum using H-etched SiC 
substrates 120. To understand better the impact of the substrate preparation, N4PP 
measurements were performed on the other samples S3 and S4. 
Figure 3.2b shows the anisotropy related resistance contribution 𝑅 − 𝑅0 as a func-
tion of the rotation angle of all samples S1−S5. The calculated curves and the ex-
perimental data agree very well except for S5, where higher resistance values for 
angles >110° are probably due to tip-induced defects. 
The 𝑅 − 𝑅0 curves in Figure 3.2b show for samples S3, S4, and S5 an apparent 
maximum at an angle of 90°, which corresponds to transport perpendicular to the 
step edges. This indicates that step related sources are responsible for the extrin-
sic anisotropy in these epitaxial graphene layers. The resistance anisotropy in-
creases to AS3 = 1.17, AS4 =  1.79, and AS5 =  1.66, respectively. Thus, the values AS1 and AS2 of the PASG samples S1 and S2 can be regarded as practically iso-
tropic, which verifies the assumption of an intrinsic isotropy of the graphene mon-
olayer. This also demonstrates that extrinsic effects can be reduced to a level 
where they practically play no role when refined graphene growth procedures are 
applied as the presented PASG method on low miscut 4H- and 6H-SiC substrates. 
The N4PP measurements also show that the resistivity on the terraces is signifi-
cantly reduced by the PASG method, which is demonstrated by the lower values 
of 𝑅0 and 𝜌par for S1, S2, and S4 compared to the other samples. Hall measure-
ments show that this is due to an increased electron mobility, see Supplementary 
Information in section 3.2.6 and Ref. 11.   
Local Resistance Measurements | The assignment of the very small resistance 
anisotropies of the PASG samples S1 and S2 to step related effects was further 
investigated by STM and STP measurements at room temperature, which give an 
insight into the local sheet resistance and the defect resistance induced by sub-
strate steps 68,85,96.  
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Figure 3.3a shows an example of a monolayer graphene sheet crossing a sub-
strate step with a height of 0.5 nm which is located in the center (x=0 nm) of the 
STM topography image taken in an area of 200 × 50 nm2. The accompanied po-
tential jump is clearly visible at the same position in the simultaneously acquired 
potential map plotted in Figure 3.3b. Figure 3.3c shows the averaged potential 
across the flat graphene monolayer regions and the substrate step, from which we 
deduced the local electric field Esheet,x in the x-directioniii as well as the voltage 
drop ΔV caused by the step. Using the macroscopic current density, we find an 
almost linear increase in resistances (details on the nomenclature can be found 
elsewhere 68) with step heights: 𝜚1 = (4 ± 2) Ωµm, 𝜚2 = (10 ± 2) Ωµm and 𝜚1 =(13 ± 2) Ωµm for monolayer graphene crossing a substrate step with heights of 
                                               
iii Analyzing the STP data, it was noticed that the sheet resistance to the left and right of a single 
or double substrate step is not identical, but shows deviations in the range of about 15% at room 
temperature. This issue will be investigated in a systematic study in section 4. 
Figure 3.3 Scanning tunneling potentiometry inspection of step-induced resistance 
in epitaxial graphene on SiC. (a) Constant current topography of monolayer gra-
phene sheet with a 0.5 nm step in the center, (tunnel conditions: I = 150 pA, Vbias =30 mV = 30 mV). (b) The simultaneously acquired potential map with an average 
current density of j = 3.6 A m⁄ . (c) The cross-section along the line in panel b, av-
eraged over all potential values perpendicular to the dashed line in b. The local 
electric field component in x-direction Esheet,x  is calculated from linear fits to the 
monolayer area (solid red lines in panel c). The step causes an additional local 
voltage drop ΔV ≈ 36 µ𝑉. The inset represents the equivalent situation of a mono-
layer graphene sheet covering a single SiC-bilayer substrate step with a height of 
0.25 nm. (d) Schematic of the setup of the scanning tunneling potentiometry ex-
periment. 
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0.25 nm, 0.5 nm, or 0.75 nm, respectively, which is in good agreement with litera-
ture values 68,85,96. The step resistance values are independent of the overall crystal 
morphology of the 4H- and 6H-SiC surface. The STP results can be compared with 
the N4PP measurements by setting the additional voltage drop at steps and their 
relative frequency ci [#/µm] in relation to the electric field 〈Esheet〉 on the terraces, 
accordingly, ASTP = (〈Esheet〉 + ∑ ci〈ΔVi〉) 〈Esheet〉⁄ , resulting in an anisotropy of 1.03 ± 0.02 for S1 and 1.04 ± 0.02 for S2. The good agreement with the anisotropy 
value close to 1.0 from the N4PP measurements demonstrates that we reached 
the ultimate lower limit where the resistance contribution of the substrate steps is 
the sole cause for the measured anisotropy. 
Two implications follow from the linear relation between the step height and the 
local defect resistance at the step. When using SiC substrates with a same miscut 
angle, a similar step related resistance anisotropy value is expected because step 
density and step height can commensurate each other during the surface restruc-
turing processes. A more significant anisotropy is expected for larger substrate 
miscut angles which increase the number of steps, its height, or both. These con-
clusions are valid if only step related resistances in monolayer graphene are con-
sidered. Additional extrinsic effects can cause higher resistances and larger aniso-
tropies. 
An important source for the resistance anisotropies of our samples S3−S5 is at-
tributed to graphene bilayer domains. Local STP measurements have found that 
the electronic transition from monolayer to bilayer graphene results in an elevated 
resistance value which approximately corresponds to that of monolayer graphene 
over a 0.75 nm high SiC step 84,85,87,89. Moreover, when the ML−BL transition is 
accompanied by a topographic height change, the resistance again drastically in-
creases, e.g., by a factor of 4 at a 1 nm substrate step 85. These bilayer-related 
local resistance increases can result in a macroscopic resistance directional de-
pendency, according to the shape and distribution of the bilayer inclusions. Be-
cause the bilayer inclusions are not symmetric but show an elongated shape at 
terraces and are very often embodied as bilayer stripes along the terrace step 
edges, their presence results in a higher resistance for current flow perpendicular 
to the terrace step edges compared to current flow on the terraces parallel to the 
step edges. 
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For the graphene sample S3, a larger anisotropy (AS3 = 1.17) was obtained com-
pared to S1 and S2 (AS1,S2 ≈ 1) although all were grown on low miscut substrates. 
As discussed above, this discrepancy is not clear if only step related contributions 
are considered. The additional resistance anisotropy is attributed to the scattered, 
micrometer-sized, asymmetric bilayer spots, which are located mainly at the ter-
races edges of sample S3, see Figure 1a, b in 127. This comparison clearly shows 
that the nearly vanishing resistance anisotropy of the PASG samples S1 and S2 is 
related to the absence of bilayer graphene. 
The significantly increased resistance anisotropy of the samples S4 and S5 com-
pared to S1, S2, and S3 is expected because of the six-times larger SiC miscut 
angle. Under the assumption of a linear correlation between step height and step 
resistance, according to the above-mentioned STP anisotropy equation, one can 
estimate for pure monolayer graphene an anisotropy of ASTP ≈ 1.2. The measured 
anisotropy values of AS4 =1.79 and AS5 =1.66 are much higher and are attributed 
again to bilayer graphene on the terraces. Both samples show larger bilayer cov-
erages compared to S3, and by taking into account the much higher step concen-
tration in S4 and the giant step edges in S5, respectively, this should drastically 
increase 𝜌perp and the anisotropy. On the other hand, the transport along the ter-
races can vary, e.g., caused by local planar ML-BL transitions. This is reflected by 
the higher 𝜌par value of S5 compared to that of S4, which results in a smaller ani-
sotropy value, AS5 < AS4, although 𝜌perp of S5 shows the highest value of all sam-
ples. This is probably due to the very high terrace steps in S5, which cause exten-
sive graphene bilayer stripes along the upper side of the step edges. 
 Conclusion 
In summary, we studied the resistance anisotropy in epitaxial graphene grown by 
different sample preparation and growth methods on 4H- and 6H-SiC(0001) sub-
strates with small and large miscut angles. In agreement with STP measurements, 
the rotational square probe measurements reveal very small resistance aniso-
tropies of ≈3% for graphene layers grown by PASG on SiC substrates with a small 
miscut angle. This anisotropy value is traced back to the step resistances of the 
monolayer graphene across the SiC steps measured by STP on the nanoscale. 
The main reason for the vanishing small resistance anisotropy was identified to be 
the absence of bilayer domains while the specific step resistances are similar to 
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other graphene. The PASG and fine growth optimization methods allow the uniform 
fabrication of ultrasmooth graphene with most of the terrace step edges being 0.5 
nm or lower, which prevent the formation of graphene bilayer domains. In particular, 
on the 6H-SiC substrate, a very high percentage of 90% is achieved with a typical 
pattern of alternating steps of 0.25 and 0.5 nm in height, which is related to the SiC 
layer sequence in this polytype. This study shows that graphene growth using the 
PASG method and fine-tuning of the growth parameters bears the potential to re-
duce the terrace step heights down to an ultimate level of a single Si-C bilayer. 
Because SiC substrate steps cannot be entirely avoided, it is impossible to achieve 
perfect resistance isotropy for epitaxial graphene. However, for the produced bi-
layer-free graphene on ultralow terraces, negligible small deviations from isotropy 
can be obtained. In general, this study highlights the importance of bilayer-free 
graphene growth for all kinds of epitaxial growth techniques, whenever isotropic 
properties are demanded for perfect device performance. It makes the device ori-
entation independent of step direction and improves the freedom for designing de-
vice layouts, thereby promoting the potential for future device applications of epi-
taxial graphene. 
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 Supplementary Information 
Growth procedure | The graphene growth of samples S1 (6H-SiC) and S2 (4H-SiC) 
by means of the PASG method was performed by a special protocol which is 
shown in detail in Figure 3.4. During the temperature ramp, an intermediate inter-
ruption of the growth process was performed by cooling the system to room tem-
perature after an initial annealing in vacuum (𝑝 ≈ 4 × 10−7 mbar, 900°C, 30min). 
The system then was vented by introducing argon gas to change the pressure to ≈900 mbar. This additional cooling step was performed for two main reasons: (i) 
avoiding the possible influence of the argon flux on the sample during pressure 
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change (vacuum to ≈900 mbar), (ii) increasing the carbon condensation on the 
substrate. The process was proceeded by intermediate annealing at 1200 °C and 
1400 °C for 10 and 2 minutes, respectively. Afterwards, the samples were heated 
directly up to 1750 °C and annealed (6 min) while argon flux was kept at 0 sccm. 
All the temperature ramps were applied at the same heating rate of ≈7 °C/s. Fi-
nally, the heater was switched off, and the samples were allowed to cool down to ≈400 °C (no Ar flow), then to room temperature under Ar flow of 500 sccm.  
The special growth protocol has led primarily to a reduced step bunching behavior 
with rather low steps in particular for S1 which shows step heights of 0.25 nm and 
0.5 nm in sequential pairs. For other aspects of the graphene quality (carrier den-
sity and mobility as well as defect density, bilayer coverage and homogeneity de-
termined by Raman spectroscopy) we do not expect and we found no indication of 
a significant change in quality compared to ‘normal’ PASG graphene described in 
Ref. 11. 
 
Figure 3.4 PASG epitaxial graphene growth process performed on S1 (6H-SiC) 
and S2 (4H-SiC). 
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Electronic transport | Electron density and mobility of graphene samples of 5 mm 
x 5 mm were measured by Van der Pauw measurements using Au pins which were 
softly pressed onto the sample surface close to its corners. Before the graphene 
at the surface was decoupled from the rest on the edges and the rear side by 
scratching lines close to the edges of the samples. The measurements were per-
formed in vacuum after growth without lithographical processing. The ohmic char-
acteristic of the samples between -50 μA and 50 μA was checked. For a graphene 
sample grown by the PASG method and the described growth protocol (S1 on 6H-
SiC) the following data were measured at room temperature after annealing at 200 
°C in vacuum: electron density 𝑛 = 7 ± 2 × 1011cm−2 11 and mobility µ = 2800 ±100 cm2 Vs⁄ . We are aware that those measurements are susceptible to surface 
contaminations which can arise from the environment or surface treatment. 
Magneto-transport measurements | The quantum Hall effect (QHE) measurement 
was performed on Hall bars with a size of 100 μm x 400 μm which were lithograph-
ically fabricated on a 6H-SiC graphene sample similar to S1 described in the man-
uscript. Before the QHE measurement, a photochemical-gating technique 133 was 
used to reduce the carrier concentration in the graphene layer down to of 𝑛 = 5.8 ×
Figure 3.5 Magneto-transport measurements of PASG graphene. (a) QHE meas-
urement result on 6H-SiC/G (S1) with an electron concentration of  𝑛 = 5.8 ×1010cm−2 using photochemical-gating technique 133. (b) Schematic of 8-terminal 
resistance measurement on a graphene Hall-bar with the size of 100 μm x 400 μm. 
Current is driven through Source to Drain at the two ends of the Hall-bar. The 
quantum Hall resistance (measured between the contacts 4 and 5) exhibits a broad 
plateau at filling factor ν = 2 with a value of 𝑅H ≈ 12.9 kΩ (half of the von Klitzing 
constant 𝑅K). The longitudinal resistivity 𝜌xx  (measured between the contacts 3 
and 7) approaches zero Ohm at about B = 2 T. 
 
3 Charge Transport in Graphene from Mesoscopic to Microscopic 
54 
 
1010cm−2 . This reduced electron density allows a mobility value of µ =13200 cm2 Vs⁄ , which demonstrates the very good graphene quality. Figure 3.5 
shows the measured Hall resistance 𝑅H and the longitudinal resistivity 𝜌xx as func-
tions of the magnetic field B at 1.4 K. For B ≥ 1.5 T a wide resistance plateau at ≈ 12.9 kΩ  (corresponding to 𝑅K 2⁄ ) is observed and simultaneously 𝜌xx  ap-
proaches zero Ohm indicating a good and homogenous quantization. 
Raman Spectroscopy. The PASG method allows very smooth graphene growth 
which suppresses the formation of bilayer graphene. This is proven by the small 
linewidths (full width at half maximum, FWHM) of the characteristic 2D peak. Typ-
ical 2D mappings which were presented in a study of PASG graphene 11  are very 
similar to the Raman spectra of the graphene samples produced by the growth 
protocol described in this publication, see Raman spectra in Figure 3.6b. The Ra-
man 2D-FWHM mapping of an area of 20 μm x 20 μm is shown in Figure 3.6. The 
narrow FWHM value of 33.5 ± 2.6 cm−1 indicates the presence of pure homoge-
nously distributed monolayer graphene without bilayer inclusions 134.  
 
Figure 3.6 Raman spectroscopy of the PASG graphene S1. (a) Raman mapping 
(20 μm x 20 μm) of the linewidth FWHM of the 2D-peak measured on the PASG 
graphene sample S1. (b) Average Raman spectrum recorded from the mapping 
area (20 μm x 20 μm) indicating the G-peak at 1599 cm−1 and the 2D-peak at 2728 cm−1  with a small 2D-FWHM = 33.5 cm−1proving monolayer graphene on 




4 Sheet Resistance on a Local Scale 
Analyzing the STP data shown in the previous section 3.2.3, it was noticed that the 
sheet resistance to the left and right of a substrate step is not identical, but shows 
deviations in the range of about 15% at room temperature. Therefore, in this sec-
tion, scanning tunneling potentiometry is used to specifically address the question 
‘How homogeneous is epitaxial monolayer graphene regarding charge transport 
on a truly atomic scale?’ in a systematic and quantitative study.  
Originally, much of the research on graphene was fueled by the fact that it was 
seen as a candidate for future applications, particularly in electronic devices. As a 
result, charge transport in graphene has been the subject of countless studies (see 
e.g. Ref. 36 for a thorough review on epitaxial graphene on SiC). Initially, it was 
argued that the pseudo-relativistic behavior, which is a consequence of the linear 
dispersion (see section 1.1.1), cannot be observed in epitaxial graphene on SiC 
due to the strong coupling to the substrate 6. However, this issue was resolved 
when the ‘half-integer quantum Hall effect’ was experimentally observed in gra-
phene on SiC, which is a unique feature of monolayer graphene 7–9. These early 
works mainly rely on macroscopic transport measurements and despite the signif-
icant conclusions that can be drawn regarding the pseudo-relativistic behavior of 
the charge carriers, the graphene samples investigated in the different studies 
show variations in their charge carrier densities and mobilities. Comparing different 
studies with each other, the origin of these variations may lie in differences in the 
growth process and the subsequent processing. However, deviations in mobility 
and charge carrier density can also be found within a specific study (see e.g. 9).  
From 2012, in addition to the macroscopic approach, charge transport in graphene 
on SiC was also studied on the local scale using scanning probe methods. Ji et al. 
determined the sheet resistance at T = 72 K to be ≈ 200 Ω 85, whereas Clark et al. 
reported a local sheet resistance of 833 Ω at T = 81 K 87. In the study by Ji et al, 
the macroscopic current density was used to calculate the local sheet resistance 
from the evolution of the electrochemical potential. However, this assumption is 
not valid for inhomogeneous samples, e.g. samples with bilayer areas 33. Clark et 
al. used a 4-point probe method in which the two probes that induce the voltage 
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drop across the sample are placed at a distance of about 2µm. This method should, 
in principle, provide a more accurate estimate for the current density compared to 
the approach by Ji and coworkers. In Druga's work, the local current density is 
determined using self-consistent modeling 82, however, the monolayer sheet re-
sistance still shows significant variations ranging from 340 Ω to 680 Ω at T = 6 K. 
For the sheet resistance of bilayer graphene, an even larger spread of 190 Ω to 950 Ω is obtained. Using atomic-scale magnetotransport experiments based on 
scanning tunneling potentiometry, Willke et al. determine a monolayer sheet re-
sistance of 230 Ω and a bilayer sheet resistance of 175 Ω at T = 6 K 89. Finally, the 
incorporation of dopant atoms such as boron or nitrogen can result in a change in 
the sheet resistance by more than one order of magnitude 69.  
In the following publication, we systematically rule out different processes that 
could lead to local variations in the sheet resistance, such as a locally varying cur-
rent density, by combining the method of STP with high-quality pure monolayer 
epitaxial graphene grown by polymer-assisted sublimation growth. Thereby, we 
reveal a direct correlation of the local transport properties of the graphene sheet 
with the distance to the substrate as well as with the stacking order of the SiC.  
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Graphene, the first true two-dimensional material, still reveals the most re-
markable transport properties among the growing class of two-dimensional 
materials. Although many studies have investigated fundamental scattering 
processes, the surprisingly large variation in the experimentally determined 
resistances is still an open issue. Here, we quantitatively investigate local 
transport properties of graphene prepared by polymer-assisted sublimation 
growth using scanning tunneling potentiometry. These samples exhibit a 
spatially homogeneous current density, which allows to analyze variations 
in the local electrochemical potential with high precision. We utilize this pos-
sibility by examining the local sheet resistance finding a significant variation 
of up to 270% at low temperatures. We identify a correlation of the sheet re-
sistance with the stacking sequence of the 6H silicon carbide substrate and 
with the distance between the graphene and the substrate. Our results ex-
perimentally quantify the impact of the graphene-substrate interaction on the 
local transport properties of graphene. 
 Introduction 
Charge transport in epitaxial graphene has been subject of theoretical and experi-
mental investigation since its first electronic characterization 62. The high quality 
and its 2D nature make epitaxial graphene the perfect system to study fundamental 
transport properties on the nanometer scale. Consequently, in a series of experi-
ments - based on scanning tunneling potentiometry (STP) 106 or four-point-probe 
microscopy 105 - several groups have focused on local properties like the sheet 
resistance and the impact of scattering centers like single substrate steps 68,85 or 
the transition from monolayer to bilayer graphene on transport 84,87. From these 
results, it is qualitatively well understood that the transport properties of epitaxial 
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graphene are not homogeneous on the nanometer scale. Substrate steps or mon-
olayer-bilayer junctions act as local scattering centers. In addition, for epitaxial gra-
phene on SiC(0001) it is well known that interaction with the substrate drastically 
affects graphene’s transport properties. In order to reduce this inherent proximity 
effect, i.e., to improve the transport properties of the graphene sheet, different strat-
egies were pursued such as the refinement of the growth process 11,135, the use of 
suitable dielectric substrates like boron nitride 12, the decoupling of the substrate 
by intercalation 15, or the preparation of suspended graphene 13. Moreover, the 
proximity effect can be deliberately exploited to specifically tune the properties of 
a graphene sheet 13,23–27. For example, the almost negligible spin-orbit coupling 
can be significantly increased by bringing the graphene layer into contact with tran-
sition metal dichalcogenides 23,24 and proximity superconductivity can be observed 
in graphene in the vicinity of superconducting materials 30.   
In the context of charge transport in epitaxial graphene, a locally varying potential 
landscape and a spatially inhomogeneous current density are induced by local de-
fects like substrate steps and local variations of the coupling between the graphene 
layer and the substrate. Analyzing the published results for resistances assigned 
to specific defects in epitaxial graphene, one finds a large spread 
68,80,84,85,87,123,124,136–138. The strong variation in the experimental values of sheet or 
defect resistances determined by local probe measurements is likely due to the 
lack of information about the actual local current density. Replacing the probe by a 
single-electron transistor allows simultaneous measurement of local voltage drop 
and current distribution in 2D materials 139 with a lateral resolution in the range of 
350 nm 139. In comparison, STP has an angstrom resolution 108 and measures the 
local electrochemical potential with high accuracy, but local variations in the current 
density are experimentally not accessible and are indistinguishable from spatial 
variations of the sheet resistance. For conventionally grown graphene on 
SiC(0001), typically monolayers as well as bilayers are present. Monolayer-bilayer 
transitions represent strong scattering centers and cause a significant variation of 
the local current density. Having no better approach, so far local transport proper-
ties have been determined using an averaged (sometimes even macroscopic) cur-
rent density for the whole sheet. 
In this study, we show that the high quality of epitaxial monolayer graphene sam-
ples grown by polymer-assisted sublimation growth (PASG) opens a promising 
way to quantify also delicate local transport properties with high precision. Applying 
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the PASG method, it is possible to grow large-scale monolayer graphene sheets 
without bilayer formation 11,32 on SiC substrates with ultra-low step heights. This 
allows for local transport investigations of monolayer graphene on terraces with 
different SiC terminations free from bilayer and step edge effects. The aim of this 
work is to test for local variations in the sheet resistance of epitaxial graphene and 
to unravel possible intrinsic proximity effects induced by the presence of the sub-
strate.  
 Results 
4.2.2.1 Homogeneity of the Current Density 
The local electric field as well as the local current density are needed to determine 
the local sheet resistance. While STP measures the local voltage drop, the local 
current density is a priori unknown. In STP studies, it is replaced by an averaged 
value, e.g., given by the total current and the geometry of the sample. While this 
approximation has severe limits for locally inhomogeneous samples, the excellent 
lateral homogeneity of the PASG graphene parallel to the steps, the absence of 
bilayer graphene and the low impact of steps on the overall resistance 32, drastically 
reduce lateral current density variations 81. In our STP setup, the current flow was 
deliberately driven parallel to the miscut of the SiC sample, resulting in an overall 
voltage drop perpendicular to the substrate steps ([11̅00] direction). The experi-
mental geometry and the assumption that graphene terraces have a constant 
sheet resistance parallel to the steps result in a constant average current density 
on all terraces. To estimate the remaining variation in jlocal(x, y), we have modeled 
the local current density for a given surface geometry (Figure 4.1a) taken from 
constant current topographies (CCT) with a resistor network 80,84,112 and find that 
the resulting current density exhibits a maximum variation of up to 7% (Figure 4.1b). 
By carefully selecting regions away from complex step configurations, e.g., con-
vergence of two steps, the current density can be considered as highly homoge-
neous (compare Supplementary Table 3). It is jlocal(x, y) ≈ jlocal = (0.89 ±0.01) Am−1 for an applied voltage along the graphene layer perpendicular to the 
substrate steps of 1V at T = 300 K. Comparing the lateral variation of the current 
density in PASG graphene samples with conventionally grown epitaxial graphene, 
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it becomes obvious that local variations in ρsheet from monolayer and bilayer gra-
phene and monolayer-bilayer junctions in conventionally grown epitaxial graphene 
induce a strong variation of jlocal(x, y) (Supplementary Figure 4.5). 
4.2.2.2 Variation of  ρsheet  at Temperature T = 300 K 
Large scale constant current topographies (Figure 4.1a) reveal a surface with sin-
gle, double as well as triple substrate steps and no bilayer regions as expected for 
Figure 4.1 Current density and evaluation of the local sheet resistance at room 
temperature. a large-scale constant current topography (2 µm x 1 µm, VBias =0.5 V, IT = 0.03 nA ). S1, S2 and S3 indicate the fundamental bilayers (and thus the 
stacking) of the SiC substrate, details are given in the discussion. STP measure-
ments were performed in the marked areas (black boxes). The height of the steps 
is denoted in the marked areas. Using the macroscopic ohmic resistance, the sam-
ple geometry shown in a and step resistances of 6 Ωμm, 12 Ωμm, 18 Ωμm for sin-
gle, double and triple steps, respectively, the scale bar is 100 nm. b the [1100] 
component of the local current density jlocal(x, y) is calculated with a finite element 
simulation. c schematic side view of the crystal structure of 6H-SiC. d example of 
the measured voltage drop along the graphene layer induced by the cross voltage Vcross when crossing a single step. Dashed lines represent the slope of the voltage 
drop (shifted for clarity). e example line profiles for a double step and f for a triple 
step. 
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epitaxial graphene grown by PASG 11,32,135. STP measurements investigating ρsheet are performed across all step configurations in Figure 4.1a, the correspond-
ing voltage drops VSTP are shown in Figure 4.1d–f. Interestingly, to the left and to 
the right of single substrate steps we find a different gradient of VSTP (Figure 4.1d), 
indicated by the dashed blue and red lines representing the slope to the left and to 
the right of the step, respectively. Since the current density is constant, this directly 
proves that the top and bottom terrace have different sheet resistances. This find-
ing also holds for terraces connected by a double substrate step (Figure 4.1e), 
whereas the identical ρsheet is measured when crossing a triple substrate step (Fig-
ure 4.1f). For all step configurations, an additional voltage drop at the topographic 
position of the step is observed, which is commonly explained by a potential barrier 
induced by the step due to detachment of the graphene sheet from the substrate 
68,85,86. 
In order to further investigate spatial variations of ρsheet, we have measured large 
sequences of steps. The topographic analysis has shown that instead of a random 
distribution of step heights, a well-defined sequence of the step heights shows up: 
along the [11̅00] direction, either a triple substrate step is present or a single sub-
strate step and a double substrate step are observed. These characteristic step 
patterns for PASG graphene on 6H-SiC have recently been reported in an Atomic 
Force Microscopy (AFM) study and have been attributed to the growth process 32. 
The detailed STP analysis of large sequences of substrate steps allows deducing 
two implications: firstly, the evaluation shows that at 300K the sheet resistance 
across a given terrace is constant (Supplementary Figure 4.6). Secondly, from STP 
measurements on more than 40 terraces, we extract two clearly distinct sheet re-
sistances, which we refer to as ρHigh and ρLow. The mean ρHigh is 535 Ω and the 
mean ρLow  is 460 Ω. The mean ρHigh  and ρLow deviate by (14 ± 1)% from each 
other at room temperature. Moreover, ρHigh as well as ρLow  show a variation from 
terrace to terrace of ±20 Ω. 
4.2.2.3 Temperature-dependence of  ρsheet 
In order to disentangle possible scattering processes and to understand the differ-
ence between ρHigh and ρLow, we performed further temperature-dependent STP 
measurements at 77K and 8K (Figure 4.2a). In this study two different samples, 
both prepared using the PASG method, from two different batches were analyzed 
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as summarized in Figure 4.2a. Both samples show good quantitative and qualita-
tive agreement at room temperature, low-temperature measurements were carried 
out on one of the two samples. This allows on the one hand to compare results for 
different samples and on the other hand to discuss the temperature dependence 
of the sheet resistance for one given sample. We find an overall decrease in the 
sheet resistance with decreasing temperature, which is supported by macroscopic 
transport measurements in four-point van der Pauw geometry (Supplementary Fig-
ure 4.7) and in agreement with published results 9,140. The relative reduction in ρHigh with decreasing temperature is slightly smaller, i.e., it reduces by 32%, from 535 Ω to approximately 365 Ω at 8 K, compared with the temperature-dependence 
of ρLow, which declines from 460 Ω to an average value of 250Ω at 8 K, i.e., it re-
duces by 45%. Besides the overall reduction of ρsheet, a surprising large increase 
in the spread in the data is observed with decreasing temperature. At 8 K, a maxi-
mum variation in ρsheet of ≈ 270% between the lowest value for ρLow and the high-
est value for ρHigh is observed. On adjacent terraces a maximum variation of 178% 
(Supplementary Figure 4.8) is measured. In the following, we will use △rel=(ρsheet1 − ρsheet2)/(ρsheet1 + ρsheet2)/2 to quantify the relative change in the sheet 
resistance for adjacent terraces (Figure 4.2b). Regardless of the temperature, 
when crossing a triple substrate step, the variation in ρsheet is small, i.e., △rel< 3%. 
In contrast to this, the relative variation in ρsheet  to the left and to the right of single 
Figure 4.2 Temperature-dependence of the sheet resistance. a sheet resistance at 
8 K, 77 K and 300 K acquired on more than 80 terraces for two samples (indicated 
by open and filled symbols), solid horizontal lines indicate the mean value for a 
given terrace and temperature. b change in sheet resistance for adjacent terraces 
for all three cases S3→S2, S2→S3 and S3→S3 / S2→S2 as a function of temper-
ature. Error bars indicate the experimental measurement uncertainty of the individ-
ual data points.  
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and double substrate steps increases when going from 300 K to 77 K. In particular, 
for terraces connected by single or double substrate steps a mean relative change 
of more than 30% is measured. In both cases △rel slightly decreases from 77 K to 
8 K. 
4.2.2.4 Analysis of the Surface Morphology of Steps and Terraces 
To further investigate the local variation of the transport properties, structural and 
electronic properties of PASG graphene have been analyzed on different length 
scales on the same samples. On a mesoscopic scale the surface is characterized 
by single, double, and triple steps, resulting from the miscut of the SiC substrate. 
Surprisingly, we rarely found the expected height of the substrate steps, i.e., mul-
tiple of 0.25 nm 52. Instead, we observed deviations of the step height with smaller 
as well as larger values for both single and double steps. As an example, Figure 
4.3a displays a line profile across a step sequence consisting of a single substrate 
step and a double substrate step. 
 
For this specific step configuration, the analysis reveals a step height >0.25 nm for 
the single substrate step and a step height <0.5 nm for the double substrate step, 
i.e., also the combined step height does not fit to the expected value of three times 
0.25 nm. Assuming that different step heights correspond to different distances 
between the graphene monolayer and the substrate, step sequences (Figure 4.3) 
allow to study the relation between distance and sheet resistance. As usual for 
Figure 4.3 Analysis of the step height of single and double steps. a Line profile 
through a constant current topography showing adjacent terraces S2, S3, S2, con-
nected by a single substrate step followed by a double substrate step recorded at 77 K. The line profile reveals a deviation from the step heights of the SiC substrate 
steps. b schematic representation of the correlation between step height and sheet 
resistance illustrating a locally varying distance d between the graphene layer and 
the substrate. c difference in the sheet resistance for adjacent terraces for single 
and double steps measured at 8 K as a function of the deviation of the step height. 
Details are given in the discussion. Error bars indicate the experimental measure-
ment uncertainty of the individual data points.  
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graphene on SiC, also for PASG graphene a buffer layer forms between the SiC 
surface and the graphene sheet 11. However, since we cannot pin down the vertical 
position of the height variation, we use the wording ‘distance to the substrate’. 
The corresponding STP measurement reveals a higher conductivity on terrace III 
compared with terrace I (see Figure 4.3b), indicating that a larger distance results 
in a smaller resistance. Details on the dependence of ρsheet on the step height are 
summarized in Supplementary Figure 4.9, the general trend is that larger distances 
result in higher conductivities. Moreover, comparing terraces connected by steps 
with almost identical step height (e.g., Supplementary Figure 4.9 black: 507 pm 
and pink: 500 pm), we find a large spread of the sheet resistances: 304Ω vs. 365Ω 
and 165 Ω vs. 294 Ω for the black and pink configuration, respectively (see also 
Supplementary Figure 4.10a–c). Height deviations are found for all temperatures 
(Figure 4.3a, Supplementary Figure 4.9) and the topographic nature of the ob-
served height deviation in CCT is supported by AFM topographies (Supplementary 
Figure 4.11). Details of the height analysis are given in Supplementary Figure 4.12 
and Figure 4.13. 
In order to take the atomic-scale structure of the sample into account, we acquired 
higher resolved CCTs on terraces connected by single and double substrate steps 
as shown in Figure 4.4a and Supplementary Figure 4.14b, respectively. On all ter-
races the 6 × 6-quasi corrugation is visible. (The wording “quasi” modulation is 
used, because it consists of two types of ring like structures with slightly different 
size. One large and two smaller rings together form the superstructure 141.) It is 
induced by a lattice mismatch of the graphene sheet and the substrate and origi-
nates from actual height corrugation as well as from electronic contrast 13,36,141,142. 
However, this 6 × 6-quasi corrugation is structurally not perfect (compare Figure 
4.4a). In order to analyze deviations from a perfect ordering, we disentangle the 
constant current topographies using Fourier analysis (Supplementary Figure 4.15). 
Applying this type of evaluation for each terrace separately, we disentangle three 
different contributions to the topographic contrast. Firstly, the 6 × 6-quasi corruga-
tion itself, secondly short-range noise and thirdly, long-range spatial modulations, 
which can be understood as perturbations of the 6 × 6-quasi corrugation. The latter 
contributions are shown in Figure 4.4b, c for the terraces to the left and to the right 
of the single substrate step in Figure 4.4a, respectively. We determine the domi-
nant wavelength of these modulations as shown in Supplementary Figure 4.17 and 
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find a clear difference between the two terraces. The terrace to the left of the single 
substrate step (Figure 4.4c) shows a spatial modulation with a shorter wavelength 
of 4.2 nm compared with the wavelength of the spatial modulations on the terrace 
to the right of the single substrate step (Figure 4.4c) with 8.1 nm. The correspond-
ing, i.e., reversed finding, holds for terraces connected by a double substrate step 
(Supplementary Figure 4.14b) for which comparable wavelengths of the spatial 
modulations are extracted. Besides differences in the dominant wavelength, the 
spatial modulations also exhibit different amplitudes. 
In summary, the analysis of the surface morphology allows two conclusions. Firstly, 
the deviation of the step heights indicates a locally varying distance between the 
graphene layer and the substrate. Secondly, the 6 × 6-quasi corrugation does not 
show a perfect ordering. 
Figure 4.4 Analysis of the local defect structure on terraces S2 and S3. a 50 nm x 
25 nm constant current topography of terraces connected by a single substrate 
step. The scale bar is 5 nm. On both terraces the 6 × 6 modulation is well resolved. 
The topographic contrast is disentangled into its spectral components (as shown 
in Supplementary Figure 4.15) using Fourier analysis. In b and c only the long-
range contributions to the constant current topography are shown for the areas in 
a marked with dashed red and blue boxes, respectively. d CCT (8 nm x 8 nm, IT =0.07 nA) to the left of a double step on a terrace S3 acquired with a bias voltage of VBias = −0.1 V, e with a bias voltage of VBias = −0.2 V and f with a bias voltage of VBias = −0.3 V representing the integral local density of states in the energy interval EF ± Vbias. For d, e, f the scale bar is 1 nm. g Scanning tunneling spectroscopy at 8K on terraces S2 and S3 separated by a double substrate step as indicated in the 
constant current topography in the inset (VBias = −0.6 V, IT = 0.15 nA). The solid 
blue line shows the averaging of all spectra recorded on S3 and the solid red line 
shows the averaging of all spectra recorded on S2. 
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4.2.2.5 Analysis of the Local Electronic Structure 
CCTs taken at different bias voltages have additionally been used to gain insight 
into the local density of states of the combined graphene / buffer layer / SiC sub-
strate system in a given energy interval EF ± eVbias. Since we cannot separate 
electronic states originating from the buffer layer from states originating from the 
SiC substrate, we refer to this part as ‘interface layer’. For epitaxial graphene on 
SiC it is known that for larger voltages Vbias electronic states of the interface layer 
become visible in CCTs 58. In Figure 4.4d–f, we show high-resolution, quasi-simul-
taneous CCTs recorded at Vbias = −0.1 V, Vbias = −0.2 V, and Vbias = −0.3 V. In all 
images the graphene honeycomb lattice as well as the 6 × 6-quasi corrugation are 
well resolved. They dominate the topographic contrast at Vbias = −0.1 V. In con-
trast, at higher voltages additional states of the interface are visible as non-periodic 
defect structures, which agrees with published results 58,143. An example for defects 
of the SiC substrate is disorder. It has recently been shown by X-ray standing wave 
analysis 144 that the top layer of the SiC substrate is Si depleted. This result is in 
qualitative agreement with a recent HRTEM study 145 revealing a gradual depletion 
of Si across the topmost three bilayers. The depletion is due to the partial decom-
position of the top SiC layers during the growth process leading to a varying Si 
concentration. This type of substrate disorder might also be present in PASG gra-
phene. 
Spectroscopic measurements using scanning tunneling spectroscopy (STS) at 8K 
provide insight into the local electronic structure. dI/dV spectra of graphene on SiC 
show two prominent minima, firstly the so-called pseudogap at 0 meV and secondly 
a minimum at the position of the Dirac point 69. The position of the latter minimum 
gives a hint to the local charge carrier density 146. In Figure 4.4g the STS data 
acquired on two terraces connected by a double substrate step are shown. The dI/dV spectra in Figure 4.4g are very similar and in agreement with ARPES meas-
urements (Supplementary Figure 4.16) and published results 69,147. Quantitative 
deviations between STS and ARPES measurements may be due to different 
measurement conditions such as the temperature, the addressability of electronic 
states in the different techniques and due to the presence of the probe itself in STS 
measurements. In addition to the two prominent minima, we find a pronounced 
maximum between −200 mV and −250 mV, which we assign to the interface states 
observed in CCT. 
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On closer inspection of the individual dI/dV spectra it can be seen that the elec-
tronic properties on the two terraces are not identical and even on a given terrace 
we find local deviations (Figure 4.4g). In order to quantify these deviations, we 
describe each individual dI/dV spectrum in the region of the minimum at negative 
voltages with a polynomial fit (Supplementary Figure 4.18). From the minima of 
these fits we obtain the position of the Dirac point for each spectrum separately. 
The variations on a given terrace regarding the position of the Dirac point are com-
parable to the differences in dI/dV spectra on the two different terraces (Supple-
mentary Figure 4.18). For the terrace to the left we find an average value of ED =(−360 ± 17) meV , for the terrace to the right the mean value is ED =(−355 ± 13) meV. The error interval is the standard deviation. 
 Discussion 
In order to interpret the local transport properties of PASG graphene, we correlate 
the structural and electronic STM / STS information with the local STP measure-
ment and thereby address a number of questions. Firstly, can we assign the two 
distinct sheet resistances ρLow and ρHigh unambiguously to characteristics of the 
sample? Secondly, what causes the huge spread in the sheet resistance at low 
temperature found for both ρLow and ρHigh? And finally, can both effects, the dif-
ferences in ρLow and ρHigh as well as the spread at low temperature, be traced 
back to the same origin? 
In a first step, we assign the specific step structure revealed in large scale topog-
raphies (Figure 4.1a) to the stacking sequence of the 6H-SiC(0001) substrate. All 
SiC crystals consist of fundamental layers of silicon and carbon atoms, arranged 
in tetrahedral coordination 48–50, referred to as fundamental bilayers. Although the 
6H-SiC(0001) exhibits six different (crystal) terminations (labeled as S1, S2, S3 
and S1*, S2*, S3* 51 in Supplementary Figure 4.19), only four out of the six possible 
6H-SiC terminations are found 32, because the terraces S1/S1* have a higher de-
composition velocity 52,53 compared with the other terraces and therefore disappear 
during the growth process. We label the graphene terraces according to the sub-
strate terminations as S2/S2* and S3/S3*. It directly follows, that graphene on ter-
races S2/S2* exhibits a low sheet resistance and a short-wave spatial modulation 
of the 6 × 6-quasi corrugation. In contrast, a larger sheet resistance ρHigh and long-
wave perturbations of the 6 × 6 -quasi corrugation are measured on terraces 
4 Sheet Resistance on a Local Scale 
68 
 
S3/S3*. A systematic difference in ρHigh for S3 compared with S3* and in ρLow for 
S2 compared with S2* was not observed (Supplementary Figure 4.13). Therefore, 
we refer to S3/S3* as S3 and S2/S2* as S2 in the following (compare Figure 4.1c). 
In summary, we conclude that S2 and S3 are characterized by sheet resistances, 
which differ by their absolute values as well as by their temperature dependence. 
We continue our discussion with a more detailed comparison of the local structural 
and electronic properties of PASG graphene. In general, a variation in the sheet 
resistance can be caused by a modified charge carrier density, e.g., in the frame-
work of polarization doping 5,31 as well as a variation in mobility. STS data allow to 
estimate a difference in the local doping on adjacent terraces. In order to cause 
the variation in the sheet resistance of 140% for the given terraces, the change in 
the doping level is expected to become visible as a significant shift of the position 
of the Dirac point in the STS data of terrace S2 compared with terrace S3. Since 
the mean Dirac energy on terrace S2 compared with terrace S3 is only shifted by ≈ 5 meV iv (Figure 4.4g, Supplementary Figure 4.18), we discard a locally varying 
polarization doping 5,31 as the main reason for the observed variation of the sheet 
resistance. Consequently, the local sheet resistance ρsheet  is predominantly gov-
erned by the mobility. The latter is the result of a variety of possible scattering 
mechanisms like e.g., electron-phonon, electron-electron, or electron-defect inter-
action, which all could be modified by the local structural and electronic properties 
of the sample. 
To disentangle possible scattering processes in PASG graphene, we first take 
the measured step heights into account assuming that they reflect the distance of 
the graphene layer to the substrate and correlate them with the local transport 
properties of S2 or S3 (see Figure 4.3b and Supplementary Figure 4.10e). Data 
sets like the one presented in Figure 4.3b allow for a comparison of two terraces 
with the same substrate termination, yet different distances of the graphene to 
the substrate. They directly show that a larger distance results in a reduced sheet 
resistance. To further test this hypothesis, we sort the sheet resistances accord-
ing to the step heights (Supplementary Figure 4.9, datasets determined at 8K) 
                                               
iv This shift is not significant compared to the experimental uncertainty in the determination of the 
Dirac energy. 
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and, with a single exception, find a match that larger distances result in a reduced 
sheet resistance. This finding holds for S2 as well as S3 termination. 
While the step height variation is not a priori expected, the observed correlation is 
not surprising. For epitaxial graphene on SiC(0001), the buffer layer is partially 
covalently bonded and thus strongly coupled to the SiC substrate 55, whereas the 
graphene layer is only weakly coupled 148 by van der Waals interaction. Neverthe-
less, the electronic properties of epitaxial graphene are known to be strongly influ-
enced by the substrate. Epitaxial graphene shows a strong n-type doping 62,142 from 
interface states 31 and a limited charge carrier mobility 119 due to substrate induced 
scattering 9,140. Already a decoupling of the substrate by intercalation leads to an 
increase in mobility 14, suspended/freestanding graphene shows the highest mo-
bility 13 and a reduced charge carrier density 149. We suggest that for a larger dis-
tance the graphene layer decouples from the substrate resulting in a reduced im-
pact of the defect states of the interface. Thus, these terraces exhibit an increased 
mobility and a reduced sheet resistance compared with terraces where the gra-
phene layer is closer, i.e., more strongly coupled to the substrate. 
Within the proposed model, we now discuss the temperature-dependence of the 
sheet resistance, i.e., an increasing conductivity with decreasing temperature. In 
the semi-classical Boltzmann transport, an increase in the conductivity with de-
creasing temperature is attributed to freezing out of electron-phonon 150,151 and 
electron-electron scattering 152. In addition, potential scattering, screening, and 
their interplay have to be considered in the discussion. While all these processes 
depend on the charge carrier density, the electron-electron scattering has been 
found to be most dominant at high temperatures and low doping 70. ARPES meas-
urements reveal a high charge carrier concentration of n ≈ 1 ∙ 1013 cm−2 (Supple-
mentary Figure 4.16) and moreover, our STS results imply a mainly homogeneous 
carrier density. Thus, the impact of electron-electron scattering can be assumed to 
be constant on all terraces, i.e., it cannot explain the experimentally observed 
spread of ρsheet.  
Since the Fermi wavelength of the electrons roughly corresponds to the wave-
length of the potential modulations, we have additionally considered phase-coher-
ent transport phenomena. We predominantly observed classical Lorentz magneto-
resistance in macroscopic magnetotransport measurements (Supplementary Fig-
ure 4.7b), therefore we conclude that weak localization (and phase coherent 
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transport in general) is only weakly pronounced. Therefore, we do not further con-
sider this effect. 
Electron-phonon scattering in graphene on SiC is governed by the contribution 
from remote interfacial phonons 75,76. Since the temperature-dependence of the 
resistance associated with electron-phonon scattering is consistent with our meas-
urements, we attribute a part of the general temperature-dependence to scattering 
with substrate phonons. Assuming that electron-phonon scattering causes a mo-
notonous decrease of the sheet resistance with decreasing temperature 9,140, we 
estimate the phonon contribution ρel−phonon(T)  as the difference between the 
mean sheet resistance at 300K and the highest measured values at 8K on terraces 
S3. This estimation yields a phonon contribution of < 100 Ω. Besides the general 
decrease in the sheet resistance, our data show an increase in the spread of the 
individual measurements at low temperature (Figure 4.2a) accompanied by a re-
duction in the sheet resistance of up to ≈ 250 Ω when going from 300 K to 8 K. 
Within our model, the spread in the data primarily originates from the dependence 
of the sheet resistance on the distance d to the substrate. From this, it directly 
follows that a local modification of the interaction between the graphene sheet and 
the substrate results in a locally varying mobility. For electron-phonon scattering, 
one would expect stronger electron-phonon scattering for smaller d, which does 
not agree with the observed behavior (Supplementary Figure 4.9). This strongly 
indicates an additional relevant scattering mechanism besides electron-phonon 
scattering, explicitly depending on d. 
Triggered by the observations from CCT, i.e., spatial modulations like the ones 
observed in Figure 4.4a-c, we propose scattering at local defects and potential 
fluctuations as the additional scattering mechanism: ρ(T, d) = ρel−phonon(T) + ρel−defect(T, d). The topographic contrast in highly resolved CCT is dominated by 
the 6 × 6-quasi corrugation. It is randomly perturbed (Figure 4.4) and consequently, 
each terrace is unique with respect to its defect structure. This deviation from the 
perfect ordering of the 6 × 6-quasi corrugation induces a random potential scatter-
ing. A temperature-dependent impact of potential scattering on the resistivity has 
been studied for charged impurities 153. At low temperatures, the impact of Cou-
lomb scattering at charged impurities is reduced due to localization of electrons 
and associated screening. We propose that the basics of this concept can be trans-
ferred to our system, replacing the charged defects by the non-periodic potential 
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fluctuations of the 6 × 6-quasi corrugation (Figure 4.4a-c) as well as interface 
states (Figure 4.4d-f). At low temperatures, electrons are trapped in the random 
potential, thereby screening the spatial modulations of the potential landscape. 
This results in a weaker potential landscape for the remaining transport electrons, 
thus contributing to the general reduction in the sheet resistance. 
Within the framework of potential scattering it is reasonable that the localization of 
electrons and associated screening depends on the structural characteristics of 
the respective terrace, i.e., the exact shape of the random potential landscape. 
Therefore, the defect structure that is expected to change from terrace to terrace 
leads to a variation in the potential as well as the screening. This becomes visible 
as the large spread in the sheet resistance at low temperatures.  
Having identified the distance between the graphene and the substrate as an im-
portant parameter that controls the sheet resistance in general, the question arises 
whether this parameter also explains the different sheet resistances of the gra-
phene sheet on terraces S2 compared with terraces S3. Figure 4.3c shows the 
difference in the sheet resistance for adjacent terraces S2 and S3 with respect to 
the experimentally determined step height deviation. It reveals no clear depend-
ence of the variation in the sheet resistance for adjacent terraces S2 and S3 on 
the height deviation and thus implies that, in addition to the distance dependence 
of the sheet resistance, intrinsic differences between S2 and S3 exist. Although 
not providing a comprehensive picture, first indications of these intrinsic differences 
can be found in the wavelength of the structural modulation (Figure 4.4) of S2 and 
S3, in the local defect structure of the interface layer and by comparing the local 
I(V) spectra acquired on S2 and S3 that show slight differences in the spectra at 
e.g., -300 mV.  
In summary, the spatial homogeneity of PASG graphene allows for a quantitative 
analysis of electronic transport on a local scale. We have shown a direct correlation 
of the structural as well as the electronic transport properties with the substrate. In 
particular, PASG graphene shows a locally inhomogeneous sheet resistance, 
which is governed by both the substrate termination of the SiC and the distance 
between the graphene layer and the substrate. A locally varying distance to the 
substrate is accompanied by a variation of the impact of the interface states such 
that a larger distance leads to a reduced resistance. By analyzing the temperature-
dependence of the sheet resistance we have disentangled different scattering 
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mechanisms and have thereby revealed a large inhomogeneity in the sheet re-
sistance at low temperatures associated with the imperfections of the 6 × 6-quasi 
corrugation and localized defects. 
Besides the investigation of fundamental processes in the interaction between sub-
strate and graphene, the reported anisotropy could be exploited in further transport 
experiments. For example, it is interesting to simply rotate the sample by 90° such 
that the current is applied parallel to the steps instead of perpendicular. Generally, 
terraces S2 with ρLow carry more current than terraces S3 with ρHigh depending on 
the ratio of the two sheet resistances (see Supplementary Figure 4.20) yielding 
transport channels with a minimum width of about ten times the Fermi wavelength. 
Thus, by selecting suitable narrow terraces, quasi 1D electronic transport might be 
accessible in a 2D sample. In addition, terraces S2 act as nanoscale heat sources 
and terraces S3 as heat sinks. This enables the investigation of thermal transport 
in low dimensions. Thus, PASG graphene can be a model system to study the 
interplay between electronic and heat transport with the aim of improving the per-
formance of thermoelectric devices 154. In this context, the question arises as to the 
limitations of the reported effect, i.e., a maximum variation in the sheet resistance 
of 270% at low temperatures. Such a strong local inhomogeneity of the electronic 
transport is an important quality in the field of epitaxial graphene. It e.g., implies 
that nanometer sized devices could exhibit a local variation in the mobility of up to 
270%. We are convinced that the findings of this study can be generalized and 
should be considered for other 2D materials grown on and in proximity with a sub-
strate. 
 Methods 
4.2.4.1 Sample preparation 
Graphene samples investigated in this study were grown on the (0001) Si-termi-
nated face of semi-insulating 6H-SiC wafers with small nominal miscut angle of 
0.06° toward [11̅00] direction applying the PASG technique 11,32. The idea of this 
method is to support the growth process with an external carbon source. A polymer 
is deposited on the substrate using liquid phase deposition before high-tempera-
ture sublimation growth is initialized 11,32,135. The samples were initially annealed in 
vacuum (p ≈ 4 ∙ 10−7mbar, 900 °C, 30 min). The process was proceeded by inter-
mediate annealing in argon ambient (p = 900 mbar) at 1200°C and 1400°C for 10 
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min and 2 min, respectively. Afterward, the samples were heated directly up to 
1750°C and annealed (6min) while argon flux was kept at 0 sccm 135. Samples 
prepared with this method are almost defect- and bilayer-free and exhibit shallow 
step heights, as verified in Raman mapping and AFM topographies 11,32. 
4.2.4.2 Scanning probe measurements 
The experiments were performed in a custom-built low-temperature STM and in a 
custom-built room temperature STM under UHV conditions (base pressure <10−10 mbar at 300 K, 77 K, and  8K) using electrochemically etched tungsten tips. 
STS spectra were acquired using standard lock-in technique and a modulation am-
plitude of 10 mV. The concept of the STP setup is depicted in Supplementary Fig-
ure 4.21a. We electrically contact our samples (3 mm × 7 mm) with gold contacts 
of 50−100 nm thickness by thermal evaporation in a shadow mask procedure in a 
two-terminal geometry. In order to eliminate surface contamination, the samples 
are heated up to 400°C for 30 min after reinsertion into the UHV chamber. A volt-
age Vcross  is applied across the sample via two gold contacts. The voltage VSTP(x, y), which is a measure of the local electrochemical potential, is adjusted 
such that the net tunnel current IT   vanishes and is additionally recorded as a func-
tion of position. The resulting potential map (Supplementary Figure 4.21b) gives 
access to the voltage drop along the graphene sheet in the investigated sample 
area. The simultaneously acquired constant current topography (Supplementary 
Figure 4.21c) allows to directly connect transport and topographic information. The 
local sheet resistance of each terrace is determined from the potential gradient on 
the terrace and the current density j as follows 68 ρsheet = dVSTPdx ∙ 1j = Exj  
4.2.4.3 Finite element simulation with COMSOL 
The local current density jlocal(x, y) was calculated using a finite element simulation 
based on COMSOL multiphysics®  using the AC/DC module. As input parameters, 
we enter the macroscopic ohmic resistance and the global geometry of the sample. 
Additional topographic information like substrate steps, bilayer regions, and corre-
sponding monolayer-bilayer transitions are included according to the structural in-
formation from constant current topographies. Step resistivities used in this study 
are set to 6 Ωµm, 12 Ωµm, 18 Ωµm for single, double, and triple substrate steps, 
respectively. 
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Figure 4.5 Influence of bilayer regions on the homogeneity of the current density. 
a Using the macroscopic ohmic resistance, the sample geometry and step resis-
tivities of 6 Ωμm, 12 Ωμm, 18 Ωμm for single, double and triple steps, respectively, 
as input parameters, the local current density jlocal(x, y) is calculated with finite el-
ement simulations using COMSOL for a perfect monolayer grown by PASG. b for 
comparison, a bilayer region with corresponding monolayer-bilayer transition 84 is 
included in the sample geometry used in a resulting in a highly inhomogeneous 
local current density. The local variation in the current density increases by almost 
a factor of ten compared to the pure monolayer case in a as can be seen from the 
color bars.  






Figure 4.7 Macroscopic transport measurements in van der Pauw geometry. a 
sheet resistance as a function of temperature in the range of 4 K to 300 K. b mag-
netoresistance for magnetic fields of −500 mT to +500 mT acquired at 4 K . At 
small magnetic fields of up to ±100 mT a negative magnetoresistance is meas-
ured, as also observed for conventionally grown epitaxial graphene 69, which then 
changes to a classical Lorentz magnetoresistance at larger magnetic fields. We 
attribute the presence of a negative magnetoresistance at small magnetic fields to 
weak localization. However, the effect of weak localization is significantly less pro-
nounced than in conventionally grown epitaxial graphene 69. From this we conclude 
that phase coherent transport phenomena only play a minor role in the samples 
investigated in this study.  
 
Figure 4.6 Constant sheet resistance across a given terrace. Voltage drop along 
the graphene layer for adjacent terraces S3, S2, S3 connected by a single step 
followed by a double step (left to right). The dashed line represents the slope of 
the potential in the center region, the variation in the slope in this region is < 2%. 
Regardless of the measurement position, the sheet resistance can be regarded as 
constant on a given terrace.   
 





Figure 4.9 Sorting of the data acquired at 8 K under the assumption that a larger 
distance to the substrate leads to a reduction of the resistance. For each terrace, 
the measured sheet resistances are arranged such that for larger values the dis-
tance to the substrate decreases (not to scale). The dotted lines connect adjacent 
terraces and indicate the measured step height. By comparing different data sets, 
predictions for the step height can be made. The pink data set exhibits a step 
height of 500 pm. Compared to the pink data set, the red data set shows a lower 
sheet resistance on terrace S3 and a higher sheet resistance on terrace S2. Thus, 
according to the proposed model, a step height < 500 pm is expected for the red 
data set, which agrees with the measured step height of 481 pm. The only excep-
tion is the yellow data set.  
Figure 4.8  STP data set with a variation in the sheet resistance of 178%. a con-
stant current topography (imaging conditions:  VBias = 0.03 V, IT = 0.2 nA, j =4.07 Am−1 ) of monolayer graphene crossing a double substrate step. The scale 
bar is 15 nm. b averaged potential along the black arrow, solid red and blue lines 
indicate the slope of the potential from which the sheet resistance is calculated. 





Figure 4.11 Topographic analysis using atomic force microscopy. a AFM topogra-
phy and b line profile along the black line in a reveal a step height < 0.25 nm for 
the single substrate step and a step height > 0.5 nm for the double substrate step. 
The scale bar is 50 nm.  
Figure 4.10 Sheet resistance and step height. a sheet resistance and step height 
for the largest sheet resistance measured at 8 K b sheet resistance and step 
height for the smallest sheet resistance measured at 8 K. c Scanning tunneling 
spectroscopy corresponding to the data sets shown in a and b. d Line profile 
through a constant current topography (VBias = −0.03 V, IT = 0.2 nA) showing ad-
jacent terraces S2, S3, S2, connected by a single substrate step followed by a 
double substrate step recorded at 300 K. The line profile reveals a deviation from 
the step heights of the SiC substrate steps. e schematic representation of the cor-
relation between step height and sheet resistance illustrating a locally varying dis-
tance between the graphene layer and the substrate. 











Figure 4.13 Height calibration using a triple substrate step with almost identical 
sheet resistance to the left and to the right. a constant current topography (imaging 
conditions:  VBias = 0.03 V, IT = 0.2 nA, j = 4.08 Am−1 ) of monolayer graphene 
crossing a triple substrate step, b simultaneously recorded potential map. The 
scale bar is 25 nm. c topographic height averaged along the black arrow in a and 
averaged potential along the blue arrow in b. The fact that triple steps show a step 
height of 750 pm confirms the correct height calibration of the piezo. The calibra-
tion was checked for all examined temperatures at several triple substrate steps.  
 
Figure 4.12 Step height analysis using a histogram method. a Line profile through 
a constant current topography (inset: 600 nm x 100 nm, VBias = −0.03 V, IT =0.2 nA, the scale bar is 5 nm) showing adjacent terraces S3, S2, S3, connected by 
a single substrate step followed by a double substrate step. b height analysis 
based on evaluating the height information of each pixel. Gaussian curves are fit-
ted to the peaks; the center position of the individual fits are denoted. 











Figure 4.14 Analysis of the topographic contrast on terraces S2 and S3. a 50 nm 
x 25 nm constant current topography of terraces connected by a single substrate 
step and b connected by a double step (VBias = −0.3 V, IT = 0.15 nA ). On all four 
terraces the 6 × 6 modulation is well resolved. The topographic contrast is disen-
tangled into its spectral components (as shown in Supplementary Figure 4.15) us-
ing Fourier analysis. The scale bar in a and b is 5 nm. In c and d only the long-
range contributions to the constant current topography are shown for the areas in 
b marked with dashed red and blue boxes, respectively. e and f depict the corre-
sponding long-range contributions for the areas in c marked with solid red and blue 
boxes.   
 






Figure 4.15 Spectral disentanglement of constant current topographies. a original 
image is disentangled into its spectral components using different Fourier filters: b 
long-range spatial modulation, c the 6 × 6-quasi corrugation, d and short-range 
noise. e, f and g applied Fourier filters in b, c and d, respectively. Dark regions 
indicate spectral components that are filtered out.  
 




Figure 4.16 ARPES measurements of the π-bands near EF at the K-point of the 
graphene Brillouin zone. The photon energy was ℏω = 40.81 eV. The blue lines 
correspond to fitted tight-binding bands and the resulting Dirac energy is ED − EF =410 meV.  
 
Figure 4.17 Spectral analysis of the long-range spatial modulations. a spectral 
analysis of the upper terrace in Figure 4.4a, b spectral analysis of the lower terrace 
in Figure 4.4a. c,d, spectral analysis of the topographic contrast in Supplementary 
Figure 4.14b. The original CCTs are Fourier filtered as shown in Supplementary 
Figure 4.15. The resulting long-range contributions are converted into powerspec-
tra for each terrace separately. The wavelength of the spatial modulation is calcu-
lated from the center position of a Gauss-Fit adjusted to each powerspectrum. 








Figure 4.19 Crystal structure of 6H-SiC(0001). Schematic side view of the crystal 
structure of 6H-SiC and the decomposition velocity according to 52. For the decom-
position velocities, there are different conclusions in literature as to whether ter-
races S2/S2* or terraces S3/S3* show a higher decomposition velocity, compare 
52 and 53. However, there is agreement that S1/S1* are the terraces with the highest 
decomposition velocity and thus disappear first during the growth process. 
 
Figure 4.18 Evaluation of the position of the Dirac point. a close-up of a single 
spectrum recorded on a terrace S2 in the voltage range of −250 mV to −450 mV. 
The solid line shows a polynomial fit. The position of the Dirac point is given by the 
position of the minimum of the polynomial fit. b close-up of a single spectrum ac-
quired on a terrace S3 and corresponding fit. c determined Dirac points for all dI/dV 
spectra shown in Figure 4.4g. On terraces S2 we find an average value of EDS2 =(−355 ± 13) meV, on terraces S3 the mean value is EDS3 = (−360 ± 17) meV as 
indicated by the solid lines. The denoted error interval is the standard deviation. 
 







Figure 4.20 Intrinsic quasi 1D current channels. a x-component of the current den-
sity from finite element simulation with current flow parallel to the substrate steps. 
In addition to the sample geometry and the step resistances, each terrace has 
been assigned a sheet resistance ϱsheet according to the underlying SiC crystal 
surfaces. b y component of the current density.  
 
Figure 4.21 Working principle of our STP setup. a schematic drawing of the STP 
setup: a graphene sample is contacted in two-terminal geometry and a voltage Vcross is applied across the sample. The voltage VSTP(x, y)  is adjusted such that 
the net tunnel current IT vanishes. It is recorded at every position of the topography 
and represents the electrochemical potential of the sample at the position of the 
tip. b resulting potential map and c simultaneously recorded (200 × 50) nm² 
topography (imaging conditions:  VBias = 0.03 V, IT = 0.15 nA, j = 3.56 Am−1 ) of 
monolayer graphene crossing a triple substrate step. The scale bar is 10 nm.  
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4.2.6.2 Supplementary Tables 
measure-
ment 
1 2 3 4 5 6 7 
current den-
sity [𝐀𝐦−𝟏] 0.880 0.885 0.885 0.880 0.882 0.882 0.891 
 
Table 3 | Evaluation of the current density. Current densities for all marked areas 
in Figure 4.1a (from left to right) determined from finite element simulations. The 
macroscopic average current density is j = 0.89 Am−1 per applied volt cross volt-





5 SiC Stacking Order and Surface Potential 
Shortly after the publication of the results related to the local variation of sheet 
resistance (section 4.2), another study was published that also reports on a local 
variation of graphene’s properties directly related to the stacking sequence of the 
SiC substrate 54. Momeni Pakdehi et al. use Kelvin Probe Force Microscopy 
(KPFM) under ambient conditions and Low Energy Electron Microscopy (LEEM) 
IV spectroscopy in vacuum to characterize PASG graphene. Using KPFM, they 
find a difference in the surface potential of graphene on S2 terminated surfaces 
compared to graphene on S3 terminated surfaces of about 10 mV. LEEM-IV curves 
show a systematic shift in the minimum, which is a characteristics of monolayer 
graphene in LEEM-IV curves 64, of about 60 meV for graphene on terraces S2 
compared to graphene on terraces S3 54. Momeni Pakdehi et al. explain the varia-
tion in the surface potential with a stacking order-dependent doping of the gra-
phene as sketched in Figure 5.1.  
For graphene on SiC, two mechanisms are known to have a strong influence on 
the doping, first, a p-type polarization doping induced by the spontaneous polari-
zation of the SiC substrate and, second, n-type overcompensation by charge trans-
fer from donor states of the interface 31 as discussed in section 1.3.2. The latter 
mechanism is dominant in epitaxial graphene on SiC. The first mechanism domi-
nates when the donor states are saturated with hydrogen by intercalation. In this 
case, the strong intrinsic polarization of SiC results in the formation of negative 
Figure 5.1 Schematic illustration of the main idea of a stacking order-induced dop-
ing variation as proposed in 54. Graphic adapted from Momeni Pakdehi et al. 54 
licensed under CC BY 4.0. 
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charges at the interface, which in turn induce positive charges in the graphene to 
maintain the charge neutrality of the system. Experimentally, a p-type doping of 
about 4.2 × 1012 cm−2 is measured for quasi-free-standing graphene on 6H-SiC 5. 
Considering that it has already been shown experimentally that the strength of this 
polarization doping depends on the polytype of the SiC substrate 5, it is in principle 
conceivable that the local doping of the graphene sheet depends on the termina-
tion of the SiC substrate. However, no evidence of this effect was found using spa-
tially resolved scanning tunneling spectroscopy (as discussed in section 4.2.2.5).  
 Surface Potential from KPFM 
KPFM measurements under ambient conditions on identically prepared samples 
as in 54 were also performed as part of this thesis. The simultaneous acquisition of 
the surface morphology allows to deduce the corresponding termination of the SiC 
substrate from the step sequence, analogous to the STM / STP results presented 
in section 4.2.2. Figure 5.2a,b clearly shows a significant variation of the surface 
potential at the step edges compared to the terraces, which is in agreement with 
the detachment of the graphene at the step edge discussed in section 1.5.3 and 
6.2. However, analyzing the local surface potential using a histogram method as 
shown in Figure 5.2c, we do not find a systematic variation of the surface potential 
on the differently terminated SiC surfaces.  
For a statistically valid statement, a total of 14 independent measurements were 
performed over different step configurations randomly distributed over a large sam-
ple area. The summary of the respective potential differences between the surface 
potential on terraces S3 compared to the surface potential on adjacent terraces S2 
(Figure 5.2d) confirms the absence of a systematic variation of the surface poten-
tial with respect to the stacking order of the SiC substrate in our measurements. 
Instead, we find variations in the surface potential ranging from -10 mV to +10 mV 
independent of the stacking sequence of the SiC. More precisely, there are posi-
tions on the sample where the surface potential on the terrace S2 is 10 mV larger 
than on the adjacent terrace S3, and there are areas on the sample where we 
observe the reversed behavior. 
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Our results indicate no sign of a systematic variation of the surface potential with 
respect to the SiC stacking order (Figure 5.2). Instead, we suggest that the ob-
served (apparently random) variation of the surface potential could be a conse-
quence of the variation in the range of small negative bias voltages observed in 
the spectroscopic analysis of PASG graphene (section 4.2.2 and 6.2.3), which we 
assigned to interface states.  
Figure 5.2 KPFM analysis of the surface potential of PASG graphene on SiC. (a) 
AFM topography and (b) simultaneously imaged surface potential applying FM-
KPFM. A variation of the surface potential is measured at the step edges, however, 
(c) no systematic variation on the different SiC terraces is present as revealed by 
the histogram analysis in the areas marked with rectangles in (b). The histograms 
are fitted by Gauss curves and the respective center positions are denoted. (d) 
Summary of the surface potential on terraces S3 compared to terraces S2 for a 
total of 14 data sets. Differences in the surface potential on terraces S3 with re-
spect to S2 in the range of -10 mV to +10 mV are found. This clearly demonstrates 
that there is indeed a local variation in the surface potential, however, this variation 
is not correlated with the termination of the SiC substrate.  
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 Simulation of LEEM-IV Spectra 
As a second method, LEEM-IV spectra are used in 54 to analyze the surface po-
tential of PASG graphene. LEEM is based on characterizing a sample with an elec-
tron beam. The electrons interact with the sample and the image is then formed 
using the reflected electrons. The concept and the experimental tools, such as the 
use of electromagnetic lenses, are very similar to transmission electron microscopy 
(TEM), except that in TEM the transmitted beam is used to produce the image. In 
LEEM-IV spectroscopy, the intensity as a function of energy is recorded. Momeni 
Pakdehi et al. attribute the observed shift in the minimum in the LEEM-IV curves 
(Figure 5.3) to a doping variation 54.  
Although a local doping variation is a possible explanation for a shift of the mini-
mum, it is not the only possible explanation. To test for other origins, such as the 
observed variation in the distance between the graphene and the substrate (sec-
tion 4.2.2), LEEM-IV spectra were simulated. According to 155, the propagation of 
a wave package in a potential landscape consisting of two identical potential wells 
(one representing the graphene and the other the buffer layer Figure 5.4a), can be 
considered for this purpose. We then propagate the wave package using the split 
step algorithm and calculate the corresponding reflectivity.  
Applying this method, we are able to qualitatively reproduce the experimental 
LEEM-IV spectra including the minimum typical for monolayer graphene. Changing 
the distance between graphene and buffer layer as shown in Figure 5.4b (and ob-
served experimentally for PASG graphene, section 4.2.2) with otherwise fixed pa-
rameters, results in a shift of our calculated LEEM-IV curves. This illustrates that a 
Figure 5.3 LEEM-IV spectra recorded on different graphene terraces S2 and S3 
show a shift in the position of the minimum. Graphic adapted from Momeni Pakdehi 
et al. 54 licensed under CC BY 4.0. 
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stacking sequence-dependent doping cannot be deduced from LEEM-IV spectra 
alone.  
Based on the results of our STS characterization of PASG graphene (section 
4.2.2.5) in combination with work function measurements using KPFM and the pre-
sented separation-dependent position of the minimum in the calculated LEEM-IV 
spectra we conclude that we see no indications for a stacking-dependent doping 
variation.  
 
Figure 5.4 Calculation of LEEM-IV curves. (a) the system is modelled considering 
two identical potential wells, one representing the graphene and one representing 
the buffer layer. A wave package is propagated using the split step algorithm and 
the corresponding reflectivity is calculated. (b) Varying the separation between gra-





6 Line Defects in Local Transport Measurements 
Defects in epitaxial graphene on SiC can take different forms and range from 0D 
point defects, such as lattice imperfections or foreign atoms, to 1D line defects, 
such as substrate steps or boundaries between monolayer and bilayer regions, to 
large-scale inhomogeneities, such as the presence of buffer layer patches due to 
an incomplete growth process. Some of these defects are intentionally induced 
with the aim to tune the properties of the graphene, as it is the case for single 
atoms in the lattice causing a doping of the graphene. This has already been shown 
for different atomic species 69,146,156 and, e.g., it turned out that the incorporation of 
Boron into the graphene lattice is a suitable tool to lower the strong n-type doping 
of epitaxial graphene on SiC or even tune it to p-type doping depending on the 
dopant concentration 69. Some defect types can be completely suppressed by re-
fined growth processes, such as the formation of bilayer regions, and, thus, asso-
ciated monolayer-bilayer transitions 11. However, other defects, such as substrate 
steps, are inevitable in epitaxial graphene on SiC.  
In general, each individual defect type has a specific influence on charge transport, 
but since all these defect types can be present at the same time, macroscopic 
transport measurements only provide an averaged picture, which prohibits deter-
mining the exact influence of a specific defect type. Switching to the local scale 
opens up the possibility to investigate the influence of certain defects inde-
pendently, which brings us closer to a comprehensive understanding of charge 
transport in epitaxial graphene.  
Prior to this work, several studies have already been published on this subject (see, 
e.g., 68,85,87,96,157). It has been shown that substrate steps, although the graphene 
lies continuously on top of them like a carpet, cause a local voltage drop in the 
graphene. This voltage drop scales linearly with the height of the substrate step 
85,86 as discussed in section 1.5.3. A rather large defect resistance in the range of 
four to five times the resistance associated with a single SiC substrate step was 
experimentally determined for monolayer-bilayer transitions 84,85. Interestingly, in 
this case the voltage drop does not occur at the topographic position of the junction, 
but it extends several nanometers into the bilayer region 84.  
6 Line Defects in Local Transport Measurements 
92 
 
For both types of defects (substrate steps as well as monolayer-bilayer transitions) 
comparable to the local sheet resistance there is a large deviation in the literature 
regarding their quantitative resistance values. In principle, it would be possible that 
these variations are due to the fact that even with local techniques it is not possible 
to investigate different defects completely independently of each other due to var-
iations in the current density caused by defects in the vicinity of the investigated 
defect. On the other hand, similar to the local variation in the sheet resistance (sec-
tion 4.2), these variations from defect to defect could be an intrinsic property of 
graphene on SiC. In section 6.2 we investigate this issue for the step resistance 
and find that the variation of the step resistance is indeed an intrinsic property of 
graphene on SiC.  
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By combining highly resolved Scanning Tunneling Potentiometry with the 
exceptional sample homogeneity of graphene on SiC epitaxially grown by 
polymer-assisted sublimation growth, we reveal local variations in the re-
sistance associated with substrate steps. We quantify these variations and 
 6.2 Unraveling the Origin of Local Variations in the Step Resistance of Epitaxial 
Graphene on SiC: A Quantitative Scanning Tunneling Potentiometry Study 
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show that they are an intrinsic property of graphene on SiC. Furthermore, we 
trace back their origin to variations in the electronic structure of the interface 
and, thereby, demonstrate the crucial impact of intrinsic proximity effects in 
graphene on SiC. Moreover, we find a correlation of the step resistance with 
the local conductivity and show that at room temperature, the step re-
sistance decreases with increasing local conductivity, whereas at low tem-
peratures, it increases with increasing local conductivity. We attribute this 
inversion to an interplay between the reduction in electron-phonon scatter-
ing and potential scattering with decreasing temperature, and the efficiency 
of the built-up of an almost completely charge carrier depleted zone at the 
position of the substrate step.  
 Introduction 
Many of the unique transport properties of graphene on SiC can be understood in 
the framework of ballistic motion of slow relativistic electrons 158. It is well known 
that for epitaxial graphene the proximity of the SiC substrate as well as the carbon-
rich intermediate layer between the SiC substrate and the graphene layer, the so-
called buffer layer, have a decisive influence on the global as well as on the local 
properties of graphene 31,36,54,148. Although the SiC substrate is decoupled from the 
graphene by the buffer layer, it still crucially influences the properties of the gra-
phene sheet, as can be seen e.g. in the framework of polarization doping 5,31 The 
6H-SiC substrate consists of six fundamental layers of silicon and carbon atoms 
referred to as S1, S2, S3 and S1*,S2*,S3* 51. It was shown that transport properties 
such as the sheet resistance of graphene show strong systematic variations that 
can be traced back to the termination of the SiC substrate, i.e. S2/S2* and S3/S3* 
33.  
Especially the buffer layer is an intrinsic source for disorder. One-third of the car-
bon atoms in the buffer layer is bonded to Si in the SiC below 55 resulting in a very 
large unit cell. Interface / surface  states were observed in constant current topog-
raphies (CCT) by scanning tunneling microscopy (STM) 58 as well as  photoelectron 
spectroscopy showing defect states for the buffer layer 31. Furthermore, fingerprints 
of defect states have also been observed in CCT and spectroscopic measure-
ments using scanning tunneling spectroscopy (STS) that reveal an enhanced local 
density of states (LDOS) at small negative bias voltages 33.  
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While the impact of the stacking sequence as well as disorder of the interface on 
the sheet resistance of graphene has been addressed in a recent study 33, their 
influence on the scattering properties of localized defects has not been considered 
so far. Within this study, we have investigated the local resistance of graphene 
carpeting single and double substrate steps. Theses line-type defects are unavoid-
able even in high quality samples. And although the graphene sheet on top of the 
SiC substrate continuously crosses these substrate steps 159, a defect resistance ρstep is associated with the steps 85. Different methods have been used to deter-
mine the role of defects on transport, and scanning probe techniques have proven 
to be particularly useful 84,86,87. Especially scanning tunneling potentiometry (STP), 
which measures the local electrochemical potential with the precision of a Scan-
ning Tunneling Microscope, has been utilized to visualize the change in the local 
potential associated with substrate steps. ρstep is theoretically explained by a local 
change in the doping, which is significantly lowered in the vicinity of the substrate 
step due to a detachment of the graphene resulting in an n-i-n-junction 68,86. A 
larger substrate step height induces a more pronounced detachment of the gra-
phene sheet on top, i.e., a longer intrinsic doping region, and, thus, an increased 
step resistance. Experimentally, it has been demonstrated that ρstep  increases 
roughly linear with step height 68,86. This can be traced back to the band structure 
of graphene leading to a unique linear (“pseudo-diffusive”) behavior 86 of the step 
resistance as a function of the step height.  
While evidence has been found that the step resistance is independent of magnetic 
field 89 and temperature 68, the compilation of published data on different samples 
shows a rather wide spread of ρstep 68. Understanding the origin of this spread can 
open a way to further optimize the overall resistance of epitaxial graphene. One of 
the open questions is whether the variation of ρstep can be attributed to a locally 
varying current density, i.e. a more technical challenge, to differences in the sam-
ple quality, e.g. with respect to the growth process, or whether it is an intrinsic 
property of each individual step. 
To this end, we exploit the high quality of epitaxial monolayer graphene samples 
grown by polymer assisted sublimation growth (PASG) 11,32 in combination with 
highly resolved scanning tunneling potentiometry (STP). Due to a homogeneous 
local current density, i.e. jlocal(x, y) ≈   j, which is an intrinsic property of graphene 
prepared by PASG, this approach allows for a quantitative analysis of local 
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transport properties 33. Moreover, the high lateral resolution allows us to correlate 
the transport properties with structural properties of the steps as well as the elec-
tronic and transport properties of the surrounding graphene sheet. 
The aim of this work is to identify the dominant parameters, as well as to unravel 
the underlying processes in order to gain a deeper understanding of the charge 
transport across substrate steps in graphene on SiC.  
 Results 
The morphology of PASG graphene is mainly dominated by single and double sub-
strate steps. Most important, the negligible amount of bilayer regions 11 assures a 
homogeneous current density and allows a quantitative comparison of local 
transport properties 33. We have applied scanning tunneling potentiometry (STP) 
to study the impact of single and double substrate steps as one-dimensional line 
defects on charge transport. In our study, we have taken the parameter tempera-
ture into account measuring at 8 K, 77 K, and 300 K. In total, we have analyzed 34 
different single and double substrate steps on two different graphene samples both 
grown by PASG. Figure 6.1 shows an example of a typical STP data set for a single 
substrate step consisting of a simultaneously acquired constant current topography 
(CCT) and potential map, resembling the local electrochemical potential under 
Figure 6.1 Data evaluation (a) Constant current topography (170 nm x 50 nm, VBias = 0.03 V, IT = 0.2 nA ) and (b) simultaneously acquired potential map ( j =5.7 Am−1) across a double substrate step acquired at T=300 K (c) topographic line 
profile and potential line profile. The potential shows a localized jump, associated 
with the step resistance, which is more clearly visible in (d), where the slope left of 
the step was subtracted from the averaged potential. The localized jump in the 
potential is indicated by ΔVstep. 
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transport condition. At the position of the substrate step below the graphene sheet, 
a localized voltage drop ΔVstep is induced which becomes more apparent subtract-
ing the average voltage drop on one of the adjacent graphene terraces (Figure 
6.1d). As reported 33, the sheet resistance encoded in the slope to the left and right 
of the step is different due to the S2, respectively S3 terminated SiC(0001) sub-
strate. It is important to note that although the corresponding step resistance ρstep = ΔVstep j⁄  68 is calculated based on the macroscopically determined current 
density j, the superb lateral homogeneity of the current density in PASG graphene 
across the sample opens the way for a quantitaive comparison of ρstep for different 
substrate steps. 
The experimentally determined mean step resistance averaged over all data sets 
is  ρ̅
 step single = 4.7 Ωµm for single substrate steps, and ρ̅ step double = 9.8  Ωµm for double 
substrate steps. This finding is in agreement with earlier studies reporting a roughly 
linear scaling between step height and ρstep 86. The mean step resistance for single 
as well as double substrate steps as a function of temperature for T=300 K, T=77 
K,  and T=8  K is shown in Figure 6.2a. These data confirm previous studies as the 
mean step resistance is within our statistics independent of temperature. 
But while the averaged values are in agreement with published results 85–87, we 
find a significant variation in the measured step resistances that clearly exceeds 
the statistical uncertainty of our method. For single substrate steps, the variation 
between the largest and the smallest value ranges from 2.1 Ωµm to 5.9 Ωµm. For 
double substrate steps, a spread in the data is measured with a minimum value of 
Figure 6.2 Summary of all step resistances. In (a) the mean step resistances are 
given as a function of temperature. STP measurements were performed at 8 K, 77 
K and 300 K. In (a) all step resistances corresponding to single substrate steps 
and in (b) all step resistances corresponding to double substrate steps are shown 
as a function of step height. 
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6.1 Ωµm and a maximum value of 16.9 Ωµm. In both cases we find a variation of ≈ 280%.  
Obviously, the step height is an important parameter. Consequently, from constant 
current topographies we extract the step height for each step. One rarely finds the 
expected height of the substrate steps, i.e. multiple of 0.25 nm. Instead, we meas-
ure smaller as well as larger values for both single and double steps (see Figure 
6.2b,c). The variation can be up to ±25 pm. 
Figure 6.2b,c shows the correlation between  ρstep and the corresponding meas-
ured step height. While the mean values of  ρstep scales with the step height h, for 
single substrate steps there is definitely no clear dependence of the step resistance 
on the actual step height, i.e. a deviation from the expected step height of 250 pm 
does not cause a clear trend in the change of the step resistance. For double steps, 
it seems that the step resistance increases with increasing step height. However, 
besides the two data sets with a step resistance of > 15 Ωµm (these values are 
significantly higher than all other data points), there is no obvious trend. The quan-
titative analysis, presented in the discussion, will support this conclusion.  
In a recent study, we have shown that the sheet resistance ρsheet of graphene de-
pends on the surface termination of the substrate, i.e., terraces S2 and terraces 
S3 33. Local variations of up to 270% have been found 33. Being aware of these 
strong and systematic local variations of ρsheet  of PASG graphene on 6H-SiC 33,  
we test for correlations between ρstep of each step and the local conductivities of 
the adjacent terraces. To this end, we plot ρstep as a function of the sheet re-
sistance ρsheet on the terrace to the right, as well as to the left of the respective 
step as a function of temperature (Figure 6.3). Overall, we find a dependency be-
tween ρstep and ρsheet. Moreover, the data show an interesting temperature-de-
pendency. For T=300 K, a positive slope is observed for single as well as for double 
substrate steps, i.e., ρstep  increases with increasing ρsheet  on adjacent terraces 
(Figure 6.3a). In contrast, for low temperatures, a decrease in ρstep with increasing ρsheet with respect to the adjacent terrace S2, as well as to the adjacent terrace S3 
(as shown in Figure 6.3b) is measured. Moreover, the dependence of ρstep on the 
local conductivity σ (quantified by the slope  (Δρstep Δρsheet⁄ )) even matches quan-
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titatively. This can be seen when comparing adjacent terraces with a different sur-
face termination of the SiC substrate S2 and S3, indicated by the dashed lines in 
Figure 6.3b exhibiting almost the same slope. Overall, we find a dependence of ρstep on the local sheet conductivity  with ρstep~ρ0 + c(T) ∙ Δρsheet with c(T) < 0 for 
T=8 K and c(T) > 0 for T=300 K. 
 Discussion 
The step resistance ρstep according to Low et al. 86 is attributed to the  detachment 
of the graphene sheet from the SiC substrate. This detachment leads to a local 
reduction in doping of the graphene resulting in a local n-i-n junction 86. Low et al. 
86 have shown that the graphene can be almost completely depleted of charge 
carriers in the detached region. 
This junction, connecting two graphene terraces, can be thought of as a potential 
barrier for charge carriers and the transmission probability for the charge carrier to 
pass the step is finite giving rise to the step resistance ρstep. The linear depend-
ence of ρstep on the step height is traced back to the specific linear band structure 
of graphene 86. Transport across such a potential barrier is described by evanes-
cent states penetrating the barrier, which in the case of graphene with the Fermi 
energy at the Dirac Point results in a pseudo-diffusive behavior, similar to the min-
imum conductivity case 160. Most important, the step resistance is determined by 
the spatial extent of this depleted region 161, labelled in our discussion as ℒ. Our 
Figure 6.3 Step resistance as a function of the local sheet resistance on adjacent 
terraces. (a) step resistances for T=300 K and (b) step resistances for T=8 K. 
Dashed lines are linear fits to the data indicating a correlation between the step 
resistance and the local sheet resistance. 
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data show, consistent with published data, a linear dependence of the averaged 
step resistance  < ρstep > on the averaged step height  hstep, i.e.  < ρstep >= ρ0 ∗n  for n=1,2. Subtracting the experimentally determined impact of ρsheet on the step 
resistance, the slope Δρstep Δρsheet⁄  for each temperature and step configuration 
individually allows us to analyze the superimposed impact of step height variations 
for single and double substrate steps as a function of temperature separately,  as 
shown in Figure 6.4a and Figure 6.4b, respectively. The detailed analysis shows 
that none of these data sets give strong indications for an impact of Δhstep on Δρstep. 
Moreover, based on the linear scaling of  the mean step resistance with step height 
and the average step resistance of 4.7 Ωµm for a single step, a maximum step 
height deviation of 40 pm only causes a change in the step resistance of <0.8 Ωµm. This estimation indicates that an influence of the step height deviation is 
rather small and that more dominant processes must be present to account for the 
observed local variations of ρstep. 
Finally, if the deviations from the expected step heights were the reason for the 
local variations in step resistance, one would expect a quantitatively equally large 
spread in the measured data for single steps and double steps due to the underly-
ing linear relationship between step height and step resistance. As this can be 
excluded from our data, we conclude that a variation in the step height does not 
play the dominant role for the resulting spread in ρstep. 
Figure 6.4 Step resistances normalized by the impact of the local conductivity. For 
each temperature individually, the step resistances are normalized for the local 
conductivity. In (a) the resulting normalized step resistances are shown as a func-
tion of step height for single substrate steps, and in (b) for double substrate steps. 
6 Line Defects in Local Transport Measurements 
100 
 
In the context of the n-i-n junction model, the length ℒ of the depleted zone char-
acterizes the pseudo-diffusive region, which finally determines ρstep. More specific, ℒ describes how quickly the transition from strong n-type doping, i.e., strong cou-
pling to the substrate, to completely depleted of charge carriers, i.e., pseudo-diffu-
sive, occurs. A slow transition results in a small ℒ and, thus, in a small 𝜌𝑠𝑡𝑒𝑝. A 
large step resistance is measured, if the transition from n-type doping to pseudo-
diffusive behavior occurs fast resulting in a large ℒ. The theoretical results of Low 
et al. are based on a capacitor model capturing the buffer layer and the graphene 
sheet. 
A separation-dependent shift in the Fermi level was also investigated for metals 
close to a graphene sheet (more specific, the separation is in the range of the 
equilibrium distance heq) 28,29. In this case, a strong dependence on the properties 
of the specific metal was observed. For Al, a transition from strong n-type doping 
to charge neutral occurs over a change in graphene-metal-separation of 200 pm, 
whereas for Ag this transition takes place on a much shorter length scale of ap-
proximately 70 pm 28. The situation resembles the case of graphene on top of a 
SiC substrate detaching in the vicinity of a substrate step resulting in a change in 
doping and highlights the crucial role of the specific electronic properties of the 
substrate. 
For epitaxial graphene on SiC the carrier concentration of n ≈ 1 × 1013 cm−2 with 
a Fermi energy of ≈ −400 meV above the Dirac point is a result of the polarization 
of the SiC substrate modified by the buffer or zero layer (ZL) 31. As stated above, 
the basic idea behind the step resistance is the detachment of graphene, i.e. the 
increase of the distance between ZL and graphene layer, resulting in a region of 
lower carrier concentration. Within this framework, a variation in the step resistance 
has to be discussed as a variation in the change of the doping concentration or 
more specific in the transition length from doped to undoped region. This is 
sketched for two configuration in Figure 6.5 based on theoretical considerations by 
Low et al. 86. 
In addition, Figure 6.5  shows and compares STS spectra (T = 8 K) measured on 
two terraces connected by a double step with a large ρstep (Figure 6.5a), and two 
STS spectra measured on two terraces connected by a double step with a small 
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ρstep (Figure 6.5b). To obtain this complete information, it is necessary to perform 
topographic as well as transport and also spectroscopic measurements at a fixed 
position. Due to the long measurement time to collect all the required information, 
this places high demands on the stability of the system. For this reason, we com-
bined all methods only at T = 8 K. Furthermore, T = 8 K provides the best ener-
getic resolution in spectroscopic measurements compared to T = 77 K and room 
temeprature. Overall, the spectra show similarities and are in agreement with pub-
lished results 69,147. Generally, dI/dV spectra of graphene on SiC are characterized 
by two prominent minima, one is the so-called pseudogap at 0 mV and the other is 
Figure 6.5 Side view of the calculated graphene and depletion zone geometries for 
different step configurations and corresponding STS spectra acquired on the adja-
cent terraces. (a) shows a step configuration with a large step resistance and (b) 
shows a step configuration with a small step resistance. Low et al. 86 showed that 
the geometry of the graphene sheet crossing a SiC substrate step can be approx-
imated by an error function h(x) ≈ − hstep2 ቂerf (x−xsds ) + 1ቃ + heq, where hstep is the 
step height of the substrate step and  heq is the equilibrium distance between gra-
phene and substrate, which is assumed to be 340 pm. Gray solid lines symbolize 
the respective substrate steps; the graphene layer is shown in black and the de-
pleted region is marked in red. Blue ovals represent the interface states of the 
buffer layer and charge carriers in the graphene are shown in turquoise. 
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a minimum at the position of the Dirac point 69. However, the STS spectra for the 
two steps strongly deviate in the voltage range close to the Fermi Energy between 
-300 mV and 0 mV. Electronic states within this energy interval have been found 
to be associated with electronic states of the interface layer 33. Connecting ρstep 
and the LDOS, we find a clear correlation. For the step configuration with the larger ρstep, the STS spectra show pronounced maxima in this energy range, while a 
smaller LDOS is found for smaller ρstep. 
We attribute this experimental correlation between DOS close to the Fermi energy 
and ℒ, i.e. the step resistance, to a more effective screening of the ZL with the 
higher DOS compared to the ZL with the lower DOS. Within this picture, the 
detachment of the graphene layer is accompanied with an local charge 
modification within the ZL states. From the experimental results we conclude that 
a larger DOS results in a more effective transistion as a function of distance d 
between graphene and ZL. 
At this point we like to add two remarks. Firstly,  the absolute value of d as well as 
the details of d as a function of the lateral position is expected to be influenced as 
the whole step configuration has to be in thermodynamical equilibrium (neglecting 
the small pertubation by the transport field). Secondly, our data show small 
deviations of the step height from the expected value given by the SiC lattice. This 
finding might also be attributed to the interplay between ZL and graphene layer. 
For low temperature, we propose that in the case of SiC substrate steps, the tran-
sition from strong n-type doping to pseudo-diffusive behavior is controlled by elec-
tronic states near the Fermi energy. A high LDOS results in a laterally short switch 
between the differently doped areas resulting in a long pseudo-diffusive region and 
a large ρstep. The presence of the pronounced spectral weight below the Fermi 
energy can be regarded as a manifestation of electronic states of the interface 33 
that mediate the switching between n-type doping and pseudo-diffusive behavior. 
In the framework of this model, it is also reasonable that ρstep shows quantitatively 
larger variations for double steps compared with single steps. The curvature of the 
graphene layer over a single step is smoother than over a double step. This leads 
to a less pronounced influence of the available states and, thus, a smaller variation 
in ρstep. Our suggestion to include the local electronic environment in the descrip-
tion of the step resistance within the framework of the n-i-n model captures both 
 6.2 Unraveling the Origin of Local Variations in the Step Resistance of Epitaxial 
Graphene on SiC: A Quantitative Scanning Tunneling Potentiometry Study 
103 
 
the variations in ρstep for a given step configuration, single step or double step, as 
well as the quantitative differences in the variation for single and double steps. 
We  visualize the properties of the depleted region with respect to the geometry of 
the graphene sheet across a step for different configurations as shown in Figure 
6.5 (see supplement in section 6.2.7 for details on the calculations). We mark the 
lengths ℒ of the depleted regions corresponding to the respective ρstep and find 
values of ℒ = 535 pm  for the step configuration with the larger ρstep  and ℒ =347 pm for the smaller ρstep. 
In contrast to the low-temperature behavior showing  a decrease in ρstep with in-
creasing ρsheet, measurements at room temperature reveal the opposite trend:  ρstep increases with increasing ρsheet, both with respect to terraces S2 and with 
respect to terraces S3. The dependence of ρstep on ρsheet on adjacent terraces 
with S2 and S3 agrees quantitatively reasonably well (as indicated by the dashed 
lines in Figure 6.3a). For epitaxial graphene on SiC it has been shown that espe-
cially at room temperature electron-phonon scattering is relevant 9. It is dominated 
by the contribution of remote interfacial phonons 76. As ρstep and ρsheet follow a 
common trend, we suggest that the room temperature step resistance is similar to  ρsheet  affected by electron-phonon scattering. 
 Conclusion 
Based on a detailed STP survey in combination with the high sample quality of 
PASG graphene, we have quantitatively studied the step resistance in epitaxial 
graphene on SiC for different temperatures. Using PASG graphene, we can ex-
clude local variations of the current density as the main reason for the observed 
strong local variations of ρstep, which have been reported in several studies. In-
stead we show that this variation is an intrinsic property, having different origins for 
low (8 K) and high (300 K) temperatures. At room temperature, the step resistance 
decreases with increasing sheet conductivity, whereas at low temperatures, an in-
crease in sheet conductivity leads to an increase in the step resistance. We have 
utilized low temperature STS measurements to trace back the origin of these vari-
ations to the electronic states of the interface demonstrating the crucial influence 
of the substrate on the local properties of the step resistance. 
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This inversion from 300 K to 8 K is a priori surprising and indicates an intrinsic limit 
for the overall resistance. While with decreasing temperature a reduction of both 
electron-phonon scattering 9 and potential scattering 153 results in a decrease in Δρsheet, the built-up of a depletion zone in graphene carpeting surface steps be-
comes more efficient. We expect that our findings are not restricted to PASG gra-
phene, but can be a guideline in optimizing the overall resistance in any epitaxially 
grown graphene sample. 
 Methods 
6.2.5.1 Sample preparation 
Graphene was grown on the (0001) Si-terminated face of semi-insulating 6H-SiC 
wafers with small nominal miscut angle of 0.06° towards [1100] direction by apply-
ing the PASG technique 11,32. The general concept of PASG is to use an external 
carbon source to support the growth process. Following this approach, a polymer 
was deposited onto the substrate using liquid phase deposition 11,32 before the 
high-temperature sublimation growth. The samples were annealed in vacuum (p ≈ 4 ∙ 10−7 mbar, 900°C, 30min) followed by two intermediate annealing steps in 
argon atmosphere (p = 900 mbar) at 1200°C and 1400°C for 10 minutes and 2 
minutes, respectively. In the final step, the samples were heated up to 1750°C for 
6 minutes (argon flux was kept at 0 sccm) 135. 
6.2.5.2 Scanning probe measurements 
We electrically contact the graphene samples (3mm x 7mm) with gold contacts 
with a thickness of 50 nm - 100 nm by thermal evaporation in a shadow mask 
procedure using a two-terminal geometry. In order to eliminate surface contamina-
tion after reinserting the samples into the UHV chamber, they are heated up to 
400° C for 30 minutes. The STP measurements were performed in a custom-built 
low-temperature STM and in a custom-built room temperature STM under UHV 
conditions (base pressure <10-10 mbar at 300 K, 77 K and 8 K) using electrochemi-
cally etched tungsten tips. For transport measurements, a voltage is applied across 
the sample using the two gold contacts. The additional voltage VSTP(x, y) at the tip 
is adjusted such that the net tunnel current IT vanishes giving access to the elec-
trochemical potential of the sample at the position of the tip. In order to obtain a 
potential map of the surface, VSTP(x, y) is recorded as a function of position 108. As VSTP(x, y) is a measure of the local electrochemical potential, it gives access to the 
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local voltage drop along the graphene 108. STS spectra were acquired using stand-
ard lock-in technique and a modulation amplitude of 10 mV. 
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 Supplementary Information 
6.2.7.1 Visualization of the depleted region 
The geometry of the graphene sheet crossing a SiC substrate step and the built-
up of a depletion zone at the position of the step have been discussed by Low et 
al. 86 As described in the manuscript, the geometry of the graphene sheet crossing 
a SiC substrate step can be approximated by an error function  
h(x) ≈ −hstep2 [erf (x − xsds ) + 1] + heq (6. 1) 
where hstep is the step height of the substrate step and  heq is the equilibrium dis-
tance between graphene and substrate, which is assumed to be 340pm, and hstep 
refers to the step height. The parameters xs and ds depend on hstep and are taken 
from Ref. 86. For a double step, Low et al. determine the width of the region that is 
almost completely depleted of charge carriers to be 0.6 nm (from x = 0.0 nm to x =0.6 nm). For our calculations, we assume that this width translates to the step con-
figuration with the largest step resistance with ρstep = 16.9 Ωµm and calculate the 
corresponding arc length by inserting equation 6.1 into  
ℒ = ∫√1 + (h′(x))2 dxba (6. 2) 
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and find for the length of the depleted region ℒ = 677pm. As stated in the manu-
script, we propose that this length ℒ is affected by the local electronic environment. 
Based on the linear dependence of ℒ on ρstep, we calculate the length of the de-
pleted region for other step configurations. Exploiting equation 6.1 and assuming 
that the point of the detachment is fixed at x = 0.0nm, we visualize the properties 
of the depleted region as shown in the manuscript in Figure 6.5. The parameters xs, ds are extracted from Ref. 86, and are summarized in Table 4 for different step 
configurations.  
To check the consistency of our calculations, we test for each step configuration 
that hstep = hupper + hℒ + hlower with hupper, hℒ and  hlower as indicated in Figure 
6.6. 
Table 4: Summary of the parameter xs, ds, and ℒ of the capacitor model for differ-
ent step configurations. hstep [pm] ρstep [Ω] xs [pm] ds [pm] ℒ [pm] 
510 16.9 450 450 677 
485 10.6 450 450 427 
472 6.1 450 450 244 
280 2.1 350 400 82 
275 3.8 350 400 154 
252 5.9 300 400 239 
 




7 Big Picture 
In recent years, great progress has been made in the growth processes of gra-
phene on SiC. As a result, such samples were often regarded as homogeneous 
and well-defined systems with potential applications in quantum metrology 162. 
Consequently, assuming a homogeneous sample, the properties of the entire gra-
phene layer are described by single quantities, which do not depend on the position 
on the graphene. An example for this is the sheet resistance, which is extracted 
from macroscale measurements and is supposed to characterize the electrical 
properties of the entire graphene layer. 
For mesoscopic scales, in section 3 we determine the residual anisotropy of the 
resistance for high-quality monolayer graphene on SiC prepared by the PASG 
growth method. We find an anisotropy as low as 2%, which is evidence of the 
significant improvement in graphene growth. By combining mesoscopic and local 
transport measurements, we could identify the origin of this remaining anisotropy. 
It is due to scattering at SiC substrate steps, which are aligned in good approxima-
tion parallel to each other. As the presence of SiC substrate steps is unavoidable 
for graphene on SiC, the residual anisotropy represents an intrinsic limit in the op-
timization of the resistance anisotropy.  
For the local scale, in the literature, parameters such as the local sheet resistance 
and the local defect resistance are found to vary largely 68. In the context of local 
transport measurements, it is not possible to distinguish whether such a variation 
actually arises from locally varying resistances or merely from uncertainties in the 
current density. It has been shown in this thesis that this problem is solved with the 
availability of PASG graphene. The choice of the PASG growth method allows 
atomic-scale quantities, such as the local sheet resistance or the defect resistance, 
to be measured quantitatively. This is enabled by the absence of bilayer graphene 
in PASG graphene which leads to a homogeneous local current density. Further-
more, for PASG graphene, different graphene terraces can be directly and unam-
biguously correlated with the stacking sequence of the SiC substrate.  
Surprisingly, however, in this thesis it was found that many material quantities that 
were previously assumed to be constant instead exhibit strong local variations. An 
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example of this is the step height. Although SiC is known to have a step height of 
multiples of 250 pm 52, it turned out that there are significant deviations from this 
defined height in the case of graphene on SiC. These step height variations were 
explained by a local variation in the distance between the graphene and the sub-
strate. This is a clear indication that the generally accepted picture of graphene on 
SiC being a homogeneous system does not hold. Instead, local proximity effects 
play a crucial role. It was shown further that besides the step height also the local 
sheet resistance as well as the defect resistance of substrate steps exhibit local 
variations. Basically, all these variations can be traced back to proximity coupling 
of the graphene with the buffer layer and the SiC substrate.  
Proximity effects like the substrate-induced strong n-type doping of graphene on 
SiC were known, but the view of this type of interaction was limited to the idea that 
these proximity effects lead to a homogeneous change in the properties of the 
graphene layer in the sense that every location in the graphene is affected to the 
same extent by this interaction. In this thesis, this way of thinking is challenged and 
a new view on proximity effects in graphene on SiC is opened.  
Explicitly, this thesis aims at understanding local proximity effects in graphene on 
SiC and to answer questions like ‘How homogeneous is epitaxial graphene on SiC 
regarding charge transport on the local scale?’ and ‘What is the origin of the quan-
titative spread in the defect resistance assigned to substrate steps in the litera-
ture?’.  
It was shown that the sheet resistance in graphene on SiC is not a constant quan-
tity, but that it is subject to strong local variations of up to 270% at low tempera-
tures. The reasons for these local variations are, on the one hand, the different 
terminations of the SiC substrate and, on the other hand, a local variation of the 
distance between graphene and substrate.  
Moreover, it was found that also the defect resistance of SiC substrate steps ex-
hibits strong intrinsic variations. By linking the transport data with STS measure-
ments, we concluded that the origin of these variations in the step resistance are 
local variations in the interface states, once again highlighting the crucial impact of 
the substrate and proximity coupling on graphene’s properties. 
Despite the presence of these variations in the sheet resistance as well as the 
defect resistance, no change in doping was found for graphene on terraces S2 
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compared to terraces S3 based on the position of the Dirac point in STS spectra 
and consistent with our KPFM measurements. 
In summary, although there are many experimental and theoretical studies on ep-
itaxial graphene on SiC (see e.g. 36 for a thorough review), proximity effects in 
graphene have not yet been considered to exhibit local variations, nor have they 
been quantified. This thesis successfully extends the existing view on substrate-
graphene interactions by demonstrating that the step height and the sheet re-
sistance as well as the defect resistance are subject to strong local variations in-
duced by local variations in the coupling between the graphene and the substrate. 
This new perspective clearly emphasizes the relevance of spatially-resolved stud-
ies for a comprehensive understanding of proximity effects in graphene on SiC.  
 Outlook 
Based on the new view on proximity effects in graphene on SiC elaborated in this 
thesis, several systematic studies can be carried out on this topic. In the following, 
three follow-up research focuses are suggested.   
Doping and distance variation  
 It seems worthwhile to perform a detailed investigation of the global as well 
as the local doping of epitaxial graphene on SiC with the aim to understand 
why this thesis comes to a different result regarding local doping than Ref. 
54.  
 STS spectra show interface states at small negative bias voltages. In addi-
tion, local variations in the distance between the graphene layer and the 
substrate were observed. Possibly, the distance between the graphene and 
the buffer layer is adjusted depending on the interface states such that a 
constant doping with a charge carrier concentration of roughly 1 ×1013 cm−2 is present 31. With a combination of STM, STS and KPFM this 
aspect could be investigated in more detail with the aim to develop a more 
quantitative picture of the intrinsic doping process in graphene on SiC.  
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Input for sample optimization 
 It seems worthwhile to investigate the substrate induced transport proper-
ties in more detail, e.g., by considering the influence of different growth pa-
rameters. This approach could allow for a better understanding of the inter-
face between graphene and the SiC substrate. As a starting point, one 
could change the polytype of the SiC substrate from 6H-SiC to 4H-SiC. By 
investigating the temperature dependence of the sheet resistance for dif-
ferently grown epitaxial graphene on SiC samples, it may be possible to 
develop a deeper understanding of the dominant scattering processes. This 
knowledge could eventually serve to provide important input for sample op-
timization.  
 Combining local conductivity with defect resistances and doping insights, a 
comprehensive understanding of proximity effects including the properties 
of the buffer layer or electron-phonon scattering in epitaxial graphene on 
SiC comes within reach. This may even open up the possibility of improving 
the generally low carrier mobility in epitaxial graphene.  
Tuning based on intercalation 
 Furthermore, a comprehensive understanding might enable tuning of the 
properties of graphene by exploiting extrinsic proximity effects in the sense 
that elements with certain properties are brought deliberately close to the 
graphene, e.g., by intercalation in a targeted and predictable manner.   
 Following the idea to tailor the electronic properties of a graphene sheet by 
intercalation, the intercalation process has successfully been demonstrated 
for a wide range of atomic species beyond hydrogen such as Cu 17, Au 18, 
Ge 19, F 20, Pb 21 or Pd 22. Each of these elements induces its unique inter-
actions, thereby changing the properties of the graphene. Intercalated gra-
phene samples have been studied intensively applying different techniques 
14,17–22,56 including macroscopic transport measurements 16, however, 
atomic-scale transport studies are still missing. Extending the approach of 
locally resolved transport measurements to the wide range of intercalated 
systems would provide a new perspective on these types of systems with 
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